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SUMMARY 

A study of bioelectrochemicol methods of utillzing human wastes for l i fe support 

applications in space was conducted. Microbiological and enzymatic conversion of 
urine and focw to electtoactive subrtcmces was used as on approach to produce 

eldrlcal morgy. 

hydrogen was investigated, Bacillw pastwit, selected on the bash of relative ureolytic 

activity in urine, produced approximately 0.5 mg of ammonia p e r  ml of culture per hour 

during steady state growth in continuous culture. 

poor hwever; ammonia apparently poisoned the platinized platonium anode. 

Conversion of urea to ammonta and fecal polysaccharides to 

Electrochemical performance was 

Neither 

*d R i j G F a k I - d w  fioi pW*€tikW8w3# kh*4i - fiMwft 43% b x I 6  y w  

signlffcant quanti t i r  of hydrogen, Hydrolysis of cemplox fmI components by enzymatic 

pretroatmont with cellularo and lipase was also utilizod, 

M o W s  of localizing bacteria at eloctrodr to improve electrochemical per- 

formanco war. investigated with some S U C C . ~  i n  pnliminory experiments, 

Studios were init iotd, but not completed, to determine the feasibllity of eloctro- 

chomlcally po is ing  the E,, of actlvated sludge for groator effictency in  conversion of 

wastrc to rewable chsmicals, 

It WQI gonerally concluded that the mount OF p e r  that could be derived from 

human wasta  by this approach was Insufficient to contribute significantly to the require- 

ments d space vehicles. 

v i  



1. INTRODUCTION 

The purpose of work undertaken during Contract NASw-623 was to find bio- 

eiectrochemical methods for the utilization of human wastes (urine and feces) in space 

./ehicfes. The principal function of this program was to obtain power from bioelectro- 

chemical cel Is using human wastes. A secondary function of this program was bio- 

electrochemical conversion of the waste materials to chemicals that can be reused in the 

maintenance of the space vehicle and its occupants. 

This effort has been subdivided into three major tasks. The first consisted of a 

literature search and prefiminary selection of organisms and enzymes which are attractive 

(a) for production of electrochemically active chemicals from human wastes and (b) 

for conversion of waste materials. The experimental effort was divided into a biological 

ta& and an electrochemical task. The biol&cal task was concerned with screening and 

characterization of microorganisms and enzymes with respect to the most effective con- 

version of wastes to electroactive chemicals and to otherwise useful chemicals. The dextro- 

chemical task was concerned with the evaluation of biological electrodes with respect to 

the effective utilization of the waste materials, primarily for the production of power. A 

further function of the electrochemical task was to explore means whereby bioelectro- 

chemical methods might contribute to the conversion of wastes to usable chemicals. 

- . -- -_ - _ _ -  ._ ____ - - --- ~ - - 

Other programs which relate directly to the present work are being undertaken 

by Marquard! Corporation under Contract NASw-654 and Philco Corporation, hronutronic 

Division, Ir3der Cor+act NASw -655. There programs are concerned with developmsnt 

acd fu?danentoi research 19 bioelectroc)?emistry of human wastes, respectively. Magna 

Corporation, under Contract DA 36439 SC-90866, i s  presently performing research on 
biochemical fuet cells. Further, Magna recently terminated a contract with the 

Departvent of the Navy (NObs 84243) during which biochemically promoted power 

sources were studied. 

The authors wish to acknowledge the valuable technical contributions of C. Albright, 

J. Cavaflo, J. Dittman, M. Lechtman and Dr. R.  Lutwack. Drs. C. Golueke and 

W. Ojwald served as ab!e consultants to the project. 

1 



RESEARCH ON APPLIED 610ELfCTROCHEMlSTRY 

J.H. Gnfield a d  B.H. Goldrwr 

ABSTRACT 

__ __ _._ H u m 0 . n h d k - I -  w4wFc8$G?fd8&iG+k4wmd & & - -  

resulting h degmdative microbial d anzymotfc Bacillus pcrhwrii wo) 

ssfected to produce ammonia frwn urimrry urea and Escherichia coli and a mixed 

sewage culture was m1.ct.d to yield hydqen from fecal potyraccharib. 611ulao 
- 

QMJ lipase were ccmsi~red fw entymcrtic pre-t 04 feces to Facilftoh rubrrqwrrt 

microbia! action. 

Studies weru performed under static and conthuous flow condlths to . ~ h m  

electrochemicat pdwmarce of ammonia produced by 8. p t o u r i l .  - 

2 



3. CONFERENCES 

A conference attended by personnel of M o g m  Corporation and Marquardt Corporo- 

tion was held at Marquardt on lune io, 1963. 

discussion of (1) the two organrrotions' current efforts in bioelectrochamktry retoting to 

Contracts NASw-623 a id  NASw-654, (2) coordination of the tdo efforti to avoid possibilities 

of duplication of effort, and (3) coordination of the two contractors' efforts in obtaining 

consist~nt starting materials (human feces and urine), 

The pdrpose of this conference was the 

It  was concluded t h w  duplication of effort cwld  m05t reudily br avoided by 

Magna's efforts being directed primarily to pure euiturss of microqpntrmr, ~t rbtintively 

well deiined mixtures of organisms, arid isolated enzymes, and by Marquardf's efforts being 

directed prirriarify to indigeno~ls orgmimis of feces. 
_ -  - - - Sm+amncirs w ~ m  iTeM or approximurat). rnanririy !nravveir bawgaa Magna Gorp, 

The purpore of these and Marguclrdt Corp. personnel ddring most of ths Contract piid. 

sonfereneas was the coordination of efforts relatin3 ta Cgnttacto NASw-623 atid NASw-654. 

Duly July, 1963, personnel of Philco Corp., workfng at? their Contracf NASW-~SS,  visited 

Mugna Corp, facilities to discuss mutual problems relating to their respective crsrltractr. During 

the some month,  Magna Corp, pmonnel visited PhiIco tocr!itiw fot the s3me purpoos. 

. A w r d i m ~  WM heM at bAaifw Corp, on August 2 1963 tlr:.J of! ended by Qr ' 

M. G. Dei Duco, Dr. E .  Cohn, H, Schwartr and P. Prmc:cwz, ail  af NASA, tB  discuss 

techn;iri l  st l t tus of Car)iroef N A b - 6 1 3 ,  

SeprEtrriler 12, 1963, attended by M. Uriger a n d  P.  P o m r t t a t ~ ~  of NASA. 

question discutrd at there two meetitqr, bot only partially ~ e s o l v d ,  wa) the emphasis 

to be placed on work under the program on power generotion v6. w w t a  handling oipscts. 
Mr. Ungerr proposed Q meetinpi of all concerned w i t h  the cor%trclct to be held later in the 

yeor at which, among other business, thio question would be remlved.  

A simfiot meetit;e wo: beid ct h g n u  Corp, on 

Ai, irnp~itarlt 

A conference was held at Magno Corp. OP December 4, 1963 and  war attended by 

Dr. E. Cokn and N. Unger of NASA, 1 0  r w i w  the technical status of Contract NASw-623. 

It was c o n c l u d e d  that degradation of human feces and urine in biochamicai fuel cells do not 

produce rigoificant power or substantially reduce the power requiremants of Q waster monoge- 

rnent system. 

work oriented at deriving power from feces in favor of emphasizing btilizarion of urine for 

bioeiactroehemieal conversion to chemicals useful in a waste managgmtrnt zys+em, and the 

simuftaneaus production of power. 

Due to the  short t ime remaining in the contract, it was d e c i d e d  to terminate 

3 



4.1 Introduction 

A search of the literature pertinent to the microbiology and enzymology of human 

feces and urine, ond prtmrt ly directed to the utilization of thsrs matorlair as eIoctro=* 

chemical fuels in space vehicles, was the first step in the research program. 

literature search i s  reported herein in its entlreity. 

Tho 

Subsequent to searching the Ilterature, an experimental program war formulated 

which was directed to qualification of optimum blologicerl condftfons and aptimum electret- 

chemlcal conditions for power generation based on the conversion of urine and f0c.c to 

known dectrochemicaf l y  active intermediates. The secondary problem, convonion of 

wastes to chernieatr whtch ore reusable i n  a c l o d  environment, was approached vfa 

appllcatlon of elsctrochemical means to improve the efftcienty of aerobIc waste dqrada- 

tlon. 

- __ -_ . - . .- . . __ -. - - _ _ .  - - . - . - - 

4.2 Literature Search 

It was found convenient to subdivide the literature search into a number of 

categories: (1) fecal components, (2) urine components, (3) biological warto troatmont, 

(4) microbial production of ammonia and hydroeen, and (5) enzymes. Prollminary 

evaluation of the Iltemture revoalod that very I i t t lo informatlon war available on 

biological conversion of human focm or urineper so, but that the mort nearly rolated 

data existed in the Iftemture on swage treatment. In the absence of specific informa- 

tion on feces and urine, information was sought on components of these materials to 

guide the search of the microbiological and enzymological literature. 

decision was made to consider only those enzymes which would provide relativoly 

extensive breakdown of human wastes. 

An early 

Thus only hydrolytic enzymes wero soarchad. 

4 



In the interest of optimizing power production from waste materials, the literature was 

searched for information on microbial production of hydrogen and ammonia, considered 

to be the mort likely elsctro-active chemicals which could be obtained in significant 

quantities from urine and feces. 

4.2.1 Human Fecal Components 

The average adult produces 80 to 150 grams of feces daily, which 

contains a wide variety of organic and inorganic materials. Feces generally 

contain 65 to 75% water; approximately 25 to 50% of the solids are compmed 

of bacteria, both iiving and non-living. The major fecai flora of man (excluding 

protozoa) Is presented i n  Table 1 Other fecal e m p o m + s  include mucous, 

digestive fluids, undfgblrted food, indole skatole, hydrogen sulfide, methyl- 

mewapton, methene, hydrogen, carbon dioxide and ammonia, 

The potysaccharide content consists largely of cel lulose, vsgjetable 

fibers and pentoranr. Low molecular weight saccharides are completely 

digested and therefore do not appear in feces. 

The protein content is  primarily of bacterial origin with some 

contribution from food residues, intestinal cells and free enzymes. 

Lipids represent the largest single organic fraction, about 3% of 

The lipid content i s  composed largely of sterols with the total weight. 

individual fatty acids of palmitic, stearic, oleic, myristic, lauric, linoleic, 

a d  lranen of oleic acld. 

The caloric content of feces Is low, ranging from 70 to 140 kilo- 

calories per man-day. 

3,000 calories. 

This i s  in contrast with a daily intake of 2,000 - 

The mort important components of feces are compiled in Table 2, 

Note that only a small portion of the total constituents of feces hove been 

identified. 

5 



TABLE ! 

The Fecal Flora of Man 

Mi crooganism Ref erenco 1 

Bacteroides melaninogenicw 

Bactemi+ sp. 

Escherichia cot - i 
Zubrzycki and Spauiding (1) 

Smith and Crabb (2) 
Zubrzycki and Spoulding ('I) 
Smith and Cmbb (2) 

Buthaux and Mortel (3) , 

Zubrrycki and Spaulding (1) 

Buthaux and Momel (3) 
- Zubrzycki and Spaulding (1) 

Aerobacter aetogenes 

Lactobacillus sp,- 

Smith and Cmbb (2) 
Sttsptococcur sp. 

stmptococcus fCla.cal1, 

Streptococcus foecum 

Streptococcus I iquefaciona 

DiDhtheroids 

- 

Clostridium sp. 

Clostridium welchii - 

Bacillus rp. 

Pseudomonas sp . 
Pseudomonas fluomcenr 

Proteus sp. 

Staphylococcus sp. 

Staphylococcur aureua 

Zubrzycki and Spauldtng (1) 

Buthaux and Morsel (3) 
Smith and Crabb (2) 
Smith and Cmbb (2) 
Smith and Cmbb (2) 
Zubnyckf and Spauldlng (1) 
Zubnycki and Spauldlng (1) 

Smith and Cmbb (2) 
Buthaux and Moud (3) 
Colleo, Knowlden and Hobbs (4) 
Zubrzycki and Sperulding (1) 

Zubrryckt and Spoulding (1) 

Brirou (5) 
Zubrzycki and Spaulding (1) 

Zubrzycki and Spaulding (1) 

Smith and Cmbb (2) 

Yeast rp. 

Treponema dentium Rosebury (6) 

Borrel ia refringens Rosebury (6) 

Zubrrycki and Spaulding (1) 

6 



ComDonent 

Bu Ik 

Water 

Dry Matter 

Fat 

Rotein 

Nitrogen 

Mono and oligosaccharides 

Po I ysacc haride s 

Mi nera Is  

Sodium 

Potassium 

Calcium 

Magnesium 

Chloride 

Ph osp horus 

Sulfur 

Trace Elements (7,8) 

Strontium 

Copper 

Iron 

bad 

Lithium 

Ma?lglonOrO 

Nickel 

Coba I t 
Zinc 
Arsen i c 

B Vitamins (9) 
Bile pigments 

TABLE 2 

Proximate Composition of Feces (7) 

Weight (g) 

150 

99 

27 

4.7 

3.2 
1.5 

not generally found 

vnries wid-ely with diet 

2.1 

0.12 

0.47 

0.64 
0.20 
0.09 

0.51 

0.13 

0.590 mg 

1.020 mg 

28.800 ‘mg 

3 

2.600 mg 

3.430 mg 

2.900 mg 

1.400 mg 

3 
3 

0.015 
0.15 

Percent of Toto I 

66.0 
17.8 

3.0 
2.1 

1 .o 

1.4 

0.01 
0.1 

7 



4.2.2 Human Urine Components 

&ne i s  better characterized than feces. Detailed lists of urinary 

components have been reported,(l0,11,12) but the major constituents in  an average 

24-hour output ore water, 1200 g, urea, 22.0 g, chloride (ar sodium chloride), 

12.0 g, sodium, 4.0 g, sulfur (as sulfur dioxide), 2.5 g, amino acids, 2.5 g, 

inorganic sulfates (OS sulfur trioxide), 2.0 g, potassium, 2.0 g, hippuric acid, 

1.5 9, and creatinine, 1.5 9. 

4.2.3 Biological Waste Treatment 

The maintenance of a closid ecology requirk the recovery of all  

human wastes and the conversion of these materials to food, oxygen, and potable 

water. The objective of wart-recovery processes, whether physical , chemical, 

or biological, is to recover as much of the warte materlals in  a utable 

form as possible. Ideally, the waste process should convert waste materials 

into products which con be used in  the food production system or recover the 

wastes in  a form which can be directly used by man. Thersfora, water and 

some inorganic compounds may be recovered and returned directly to man, 

Organic material may be converted to more oxidized compounds, such a H20, 
CO,, NO; and used in  the food production process. 

and less reliable than mort physical procmses, they have the advantage of 

maintaining the maximum on~wtof  warte matarkis In a blologlcally avallablr 

form, 

processes directly by man or by any of the various related blologtcul support 

system, such as photosynthetic gus exchangen, The extent to which conventlomi 

microbiolog3cal waste treatment processes can be adopted to space capsule waste 

handling cannot be fully asssued without the benefit of further rereurch, There 

i s  l i t t le question, however, that the most logical approach to this problem 

involver directly applying present warts-treatment technolqy as the point of 

depurture for closed ecology studies. 

Although btological processes are considered to be more bulky 

This would allow the reutillzatlon of the by-products of wart. conventon 

8 



ingrarn [is) has adequoteiy reviewed the microbiology and processes 

involved in conventional waste treatment. 

lngrarn's effort, our literature search wi l l  describe the salient points concerning 

conventional waste treatment ond concentrate more on the microbiology and 

degradation of human waste as it pertains to our particular interests, 

Rather than needlessly duplicate 

BiotogicoJ processes for waste dispaaal convert the organic com- 

ponents of the waste to cell materials which are than partially oxidized by the 

metabolic activities of the organisms. The products of this metabolic activity 

are inorganic oxidation products and a mass of microorganisms which i s  conven- 

tionally known as sludge, There are two basic types of biological processes for 

waste - . -  disposal, - -  one aerobic (activatgd sludge) and the ~th.er Q ~ Q W & ~ C ,  

In general, there are two groups of bOc+eria involved in  aerobic 

waste disposal systems. 

i n  waste and the second group feeds upon their metabolic by-products a 

process rquirw; good aemtion of the warts and the formation of a floc which 

results from the growth of roogteal organisms (14). 

to the surfaces of the floc, which results in 'rapid degradation. 

microbiology of activated sludge, Butterfield (14) isolated a zoqleal  bacterium 

and named it Zooglea ramigero. 

from activated sludge and reported that it produced significant quantities of 

ammonia from peptones, McKinney and Weichlein (16) isolated many floc- 

producing tracteria from activated sludge and concluded that more than one 

organism was involved in floc formation, 

in Table 3 to be the most significant in aerobic waste disposal, 

The first group of bacteria utilizes tho organic materials 

This 

The organic materials adhere 

Examining the 

Buck and Keefer (15) isolated a similar organism 
-4- 

They considered the organisms l isted 

Russian worken 

(17) concerned with biochemical purification of industrial and domestic effluents 

have also studied the microbiological flora of activated sludge, and they have 

reported the isolation of many organisms cited by NkKinnsy and Weichlain (16). 

Kaplovsky (17) has differentiated the anerobic process into three 

basic stages: 

9 



TABLE 3 

Floc-Producing Bacteria Isolated from Activated Sludge 

zlooglsa ramigira 

Escherichia cot1 

Escherichia freund i i 
- 

Pseudomonas perf uria 

Pseudomonas oval i s  

AI  cal igenes faecal is 
- I _  

A1 ca tigenes meta I cal ig enes 

Baci I 1  us megaterium 

Lac tobac i I I us casei i 

Neisseria catarrhal ir 

Aerobacter aermenes 

F I avoba c ter i urn sol are 

F I avobacteri um breve 

Micrococcus cow Iomeratas 

Micrococcus varians 

Achromobacter I iquefaciens 



1 .  lfiteiislte acid production 

2, Intensive digestion or liquification 

3. Intensive digestion and gasification 

The major gases produced during gasification are methane and 

carbon dioxide, with small amounts of hydrogen sulfide and hydrogen, Methone 

is a reliable index of the efficiency of anaerobic digestion and up to 75% 

of the total volume of gas, may be methane. It has generally been observed that 

obligate anaerobes do not form a major portion of the microorganisms involved 

in  anaerobic sludge digestion but that facultative anaerobes predominate. The 

microorganisms found in anaerobic r!udge are compiled in Table 4. 

One of the problems associated wi th  standard waste disposal systems 

i s  the large amount of s~lidr; remaining ofter digestion, 

are generally more efficient In reducing solids than anaerobic digestlon. 

Leone (21) has reported on aerobic and subsequent anaerobic human waste trout- 

ment processes designed for space systems and has found that the activated 

sludge system stabilkad in several hours with a 20% reduction in init ial 

solids (3.7 oh), 
total solids an additional Is%, but required a month to do so. 

Forney (22) advanced a theory concerning a two-phase activatad sludge system 

that would rsrult in complete oxidation. Phase I wodld consist of the srrimlla- 

tion of substrates and Phase I I  Involved tho sdogsnour oxidation of metabolic 

by-products Their results showed that non-oxidizable sludge aecumulated at 

the rate of 0.6% of the total weight per day. 

Aerobic procrwtes 

Subsequent processing in an anaerobic digestor reduced 

Kauntr and 

Garret (23) repotted On control af activated sludge p w t h  by 
regulated overflow to a settling tank. 

similar to that which apply to continuous culture of microorganisms, and he reported 

a conrivtsnt growth rats of the floc. 

waste disposal hm been adapted to an algal growth unit by Golueke, b a l d  and 

McGanky (24), 

sewage in ordor to provide the algae with inorganic nutrients such as ammonia 

The mathctmat1cs fnuolvod are very 

The use of continuous culture for aerobic 

Their system used the actfvated sludge process to digest raw 
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TABLE 4 

Microorganisms Isolated from Anaerobic Sludge 

Microorganism 

Bacitlus subtilis 

Bacil I us endorhythmas 

Escherichia coli 

Aerobacter aerogenes 
- 

_. 

Methano b a cterium formicicum 

Methanobacterium omel ianrki 

Methanobacterium suboxidans 

Streptococcus d i pl oides 

CI a t  rid ium b i  fermentors 

- CI. perfringens 

Desulfovibrio desulfuricam 

Reference 

Ruckhoft, Kallas .and Edwards (18) 

Buck, Keefer and Hatch (19) 

Ruckhoft et ai. (18) 

Ruckhoft et ai. (18) 

lngram (13) 

lngmm (13) 

lngram (13) 

Buck, Keefer and Hatch (19) 

Bergey's Manual (2) 

Bergey's Manual (2) 

Bergey's Manual (2) 

-- 
-- 
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a d  carbon dioxide, whiie the algae produced oxygen for the g r w t h  of the 

bacteria. They found that after the addition of waste to the culture, the 

fecal odor disappeared in several hours and eventually was replaced by an 

actinomyces odor = the odor of rich, damp soil. 

The b e i n g  Company (25) is presently studying an activated 

sludge process in which the wastes are concentrated seveml hundred timar over 

that of conventional swage. The digestor volume has been reduced to 3.0 ft. 

with 

3 

a 48 hour detention time, to stabilize the wastes of five men. 

Ingram (13) developed a space-oriented human waste disporal 

system based upon the activated sludge process, and found the process moat 

efficient if the organismand conc?ntrat-ion_of solids were similar to domestic 

sewage. 

liberated to be carbon dioxide and small amounts of ammonia. 

In agreement w i th  Moyer, (26) lngmm found the predominating gases 

Relatively l i t t l e  work has been done with anaerobic dlgsrtion of 

human wastes. 

to initiate, and poorly digested, extremely foul-smelling sludge resulted. 

lngrum (13) found anaerobic digestion of human wastes difficult 

Pots (27), operating a thermophilic anaerobic digestor, reported 

better success, but added kitchen scraps to human waster. 

reduced from 67 to 49%. 

carbon dioxide. 

Volatile solids were 

The gas produced was about 7096 methane and 3096 

Attractive features of the aerobic process include (1) the rapidity 

with which wart- are stabilized, (2) end-products which are generally non- 

odorous and nan-toxic, and (3) almost complete dqmdation. The chief 

disadvantages with respect to a clord ecology, are the large comumptian of 

oxygen and the production of carbon dioxide. 

The ehief advantage of an anaerobic process operating in a c l a d  

system i s  that oxygen i s  not required. Otherwise, this process i s  slower, i s  

less efficient in reducing solids and produces more obnoxious and toxic by- 

products than an aerobic process. 

optimally at 55 - 60OC. 

Also, most anaerobic digeston operate 

13 



4.2.4 

It was pointed out earlier that aerobic disposal systems usually 

evolve carbon dioxide and ammonia while anaerobic systems evolve mainly 

carbon dioxide and methane. 

produced is  used by the microorganism for reductive reactions. In an attempt 

to determine the gases evolved from untreated raw human feces, Whsaton et al. 

(28) placed fecal samples into t ln cans fitted with pressure gauges and gas 

sampling ports. 

g within 7 days, under air OT argon. 

the major constituents were methane, carbon dioxide and ammonia w i th  very l i t t le 

hydrogen and hydrogen sulfide. These authors also reported a particuiarly interest- 

ing observation concerning two dirtingufshabls types of fecaf sompJea. The first 

type produced cahon dloxido prlmarily, with a l i t t le hydrogen; the second group 

produced carbon dioxide and methane. 

It would appear that most of the hydrogen 

-- 
Fecal samples produced from 3.5 to 6 ml of gas (at STP) per 

Gas chromatographic analyses s h w d  that 

- .  _ _ _  - __ . - . - .. - - _ _  

Melpar, Inc. (29) has evaluated a number of microorganisms for 

their ability to evolve hydrogen. Their study has shwn that of the fo l lw ing  

bacteria : Escherichia coli , Aerobacter aerogenes, Aerobacter claacae, Serratia - 
kiliensis, Reudomonas rp. &A, -- E. coli produced the highest yield of hydrogen 

when grown on glucose or maltose. Aerobacter cloacae was next best when 

grown on galactose, arabinose or glucose, 

good yield of hydrogen from f r u k m ,  glucme, maltose, or lactoce, Pseudomonas 

Aerobacter aerogsnes produced a 

rp. 64A pr0duc.d a falrly good yield when grown anaerobfcally on formate. 

later stUel1.r rhwrd that Clrwtridium __i____ welch11 6785 prduoed hydqon at the rate 

of 8.2 litem per hour from glucorr. (30) Tho production of hydrogen by 

mterlc organitma g m n  an glucore le of interest beoawe cellulose hydrdyrlr 

rmultr in glueore aa +he final produat. 

Oest (31) has rrvlwod varfous organisms capable of prduclng 

hydrogon and m m n l a ,  - CI, butylicum grown on pyruvate w l l l  evolve hydrogen 

and the roactlan is apparontly due to Q phorphomclartlc rplit wfth the formatlon 

14 



of acetyf phosphate and for:-nat~. 

dioxide and hydrogen. Ct . kioyverii produccs hydrogen in  the oxidation of 

acetaldehyde to acetate. Clostridial reactions also evolve ammonia; e .g., 

CI. tetranomorphum attacks single amino acids, such as glutamate, with the 

production of ammonia, carbon dioxide, hydrogen and volatile acids, 

Titc, foi,mic, i s  f i t t i t  s;>lit to produce c a r h i  

- ___I-__ 

- 

- C1. propionicum also attacks single amino acids, but produces carbon dioxide, 

ammonia and volatile acids, while hydrogen, though evolved, i s  used for the 

reduction of oxidized intermediates. CI sporogenes utilizes the Stickland - 
reaction, in which one amino acid i s  oxidized and another i s  reduced, with the 

production of wo organic acids and two molecules of ammonia. Stickland (32) 

_ _  - I _  _ _  repgted that onfy~~e-~ific-compounds codd a d  -as hydrwen don-oa-and as hydrcgen 

acceptors. The donors were Palanine, D-valine, pyruvate, D-leucine, 

L-phenylalanine, L-aspartate andD-glutamate. 

proline, and hydroxyproline. 

ammonia production by Ci. sporogenes were alanine and proline, valine and 

hydroxyproline, and leucine and glycine. 

wouid attack either serine or tyrosine alone, with the production of ammonia, 

Nisman, Reynard and Cohen (33) studied the Stickiand reaction 

The accci3turs \ V E ~ C .  :jl;, i i i r c  , 
Stickland found that the best combinations for 

- 
He also reported that - CI sporogenes 

in a number of bacteria, and showed that the following clostridia were physio- 

logically similar to - Cl . sporqenes: - CI e histolyticum, - CI . bifermentans, 

- CI . butyricum, - CI, acetobutylicum, - CI . flabelliferum, CI _. . saprotoxicum 

and C1 . sordellin. They also found that the Stickland reaction did not occur 
I 

with the following clostridia and facultative anaerobes : CI. iodophilum, - el 
__c 

saccharobutyricum, CI . wslchii, Staphylococcus aurew, - Proteus vulgwis, 

Kfebseilla pneumoniae, / and _. E. coli, 
-- 

wt (31) also reported that the methane bacteria produce hydrogen 

during the formation of methane, but that the hydrogen i s  used to reduce carbon 

dioxide. 

grown in an alkaline medium (above pH 8.6), carbon dioxide and hydrogen 

are produced as the major gases. 

If, however, Methanobacterium formicicum or - M. vannielii are 



It was reported above that a number of bacterial species can 

produce hydrogen from the degradation products of cellulose, but these organisms 

generally cannot degrude csllu!ose itself. 

anaerobic cellulolytic bacterium, Bacillur celluloiae dirrolvanr, from human 

feces, herbivora, and soils. This organism produced hydrogen, carbon dioxide, 

organtc acids, and ethanol from cellutorsr. C w k s  and Rettger (35) reported 

the isolation of a cellulolytic anaerobe, Clortridium callulorolvans, from horse 

feces. 

was hydrogen, symbiotically w i t h  Aerobacter aerogenfs, E. coli, or Proteus 

vulgaris, 

hw-ev!Br, Nqlirkl41 a! I (2%) reqmrtad that Glrlr_t&ilurrr-rmaum ferm4r!!d 

cryptortegia Imvm rapidly wi th  the, production of a considerable amount of gas, 

and point out the interesting fact that the organism did not dissolve filter paper 

cellulose in tryptone brothG Hungato (37) reviewed anacsrobic msrophilic 

Khouvioe (34) isolated an 

This organism fermented cellulose and produced gas, 75% of which 

s__- 

These authors did not believe that Khauvintt's culture was pure, 

-- 

cel lulofytic bacteria, and report4 that althaugh swage sludge containad ssrveral 

species of cetlulolytic bacteria, none were found in raw sludge. 

Norman (38) reportd that various aerobic, mesophiiic soil bacteria were capable 

of hydrolyzing cel luloso. 

R .  lasia, Ps. erythro, Achromobacterpicrum, and Brrcillus aporrhoeur. Fuller 

and Norman (33) also performed various biochemical studiw with the abovs 

organisms and found that each organism would utilize xylans and various 

Fuller and 

They isolated and described Pseudomonas sphmsrocyansa, 

-- - 

hexosans. 

inhlbitd the fermentation of xylans and hexosans by e l l  of tha bactrrla I 

In a further study, Fuller and Norman (40) showed that lignin uruolly 

A small group of uruo hydrolyzing aoil bactrrla hove bsrn tarmd 

"urcaa bacteria" by Alexander (41) because of their tolerance to high laverlr af 

the compound, and their nutritional rquirement for it. Baclllur pastaurii 

and Bacillus freudgnreichii are reprersntatives of spore fwncsn in this group, and 

Micrococcus urme and Sarcina ureae are representatives of the coccus forms. 

Wiley and Stakes (42) have reported that 1 8,pst"pr i i  requires ammonia, formed 

by hydrolysis of urea, not only for growth, but also for development of the 

- P 
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~ I k ~ l i n e  pH necewri fer g w t h .  

nearly ail of the ureolytic bacteria are aerobic or facultative anaerobar, 

and that very few obligatefy anaerobic bacteria possess this capability. 

reported, h w e v ~ r ,  the isolation and characterization of an obligately an- 

aerobic, ureolytic bacterium, which has been classified at Lactobacillus bifidis 

wr. urrsolyticur. 

GDttors arid Dosisch (43j reporiw' that 

They 

Cooks and Keith (44) isolated Bravibactarium ammoniagenm from 

feces; this organism produ~ed ammonia from urea both aerobically and anasrol 

bically. Bstfer growth occurred aerobically, hQwt)ver, 

4.2.5 Enzymes 
-_ 

The fitsrature was searched for Informution on thore enzymes which 

could be expected to have rslativaly broad actlvfty tward  urine and feces, 

The use, far the purporus of fhtr program, of enzymes whtch can act only on 

a minor component of humon wartar would result In expenditure of conrldembla 

affort with l l t t fe  to  thaw for It In terms e3ther of power p d u c t l o n  from the 

wastar or degradation of the wart-, 

from the general point of view that pretreatment of the waster would facilitate 

bacterial attlon 

and pafygalasturonoss were canrlderd , 

to the Bwclurian of sthsr, more spci f ic  proteinlrrar, U r m e  was csnrfderd 

bocawe urm tr the mort prdomtnant single component nf human wartw, 

Accordingly, enzymcn were conxtdsred 

Thus the saccharolytic enzymes esllulascr, pectfnart~rurs.c, 

A pmteinase, papain, WQI considered 

Fincrlly, 

Ifpaw wlbm comfdsrsd 9s 8 meant af aldfnp In  dsqmdntrsn of feed Ifpldr, 

4.2*5.1 Callulare 

esllu1a$e (wid1 free) has bmm isolated from B laqe number sf 

plank a d  animals. The lirt balaw cantalnr but Q fw reprtnentattvo samplnt 



h i  i wcs 

Helix pomatia (snail) (45) 

Teredo (shipworm) (46) 
Protozoa 

Endopiodium neglectum (47) 

Arthropods 

Termer obesus (termite) (48) 
Plants 

malt (49) 

algae sp. (50) 

Fungi 
_ -  . . 

Myrothecium verrucaria (51) 

Aspergillus nigar - (52) 

Bacteria 

Rumen microorganisms (53) 

Pseudomonas f I uorescens (54) 

The largest body of work concerning the purification of cellulase 

has been accomplished using the fungi as the source material * 

cellulase i s  an exoenzyme in most fungi and con be conveniently obtained 

from the medium by removing the cells and residual cellulose substrute. 

fungus most commonly use$ i s  Myrothecium verrucaria. 

obtaining ctystalline cellulase from the fungus lrpex lacteus has been reportad 

by Nis izwa. (55) 

This i s  because 
I 
~ 

The 

A procedure for 

I The ability of the enzyme cellulase to hydrolyze reprecipitatd 

~ 

cellulose, soluble derivatives, or highly crystalline native ceiluloses wries 

widely between extracts from different sources. However, good evidence 

has been accumulated (56,57,58,59,60) that, as the crystallinity of the 

I 

I substrate decreases the rate of enzymatic hydrolysis increasers. 
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Most plant cellulases have an optimum pH in the region of 5.0, 

animal cellulases in the range of 5.0 to 5.5, and bacterial cellulases bfween 

5.8 and 7.0. Optimal pH values vary widely for fungal cellulase over a 

range from pH 3.0 to pH 8.0; however, most pH values are on the acid side, 

between pH 4.0 and pH 7.0. (61) 

There i s  very l i t t le information regarding the temperature optimum 

of pure cellulase isolated from plant, animal and bacterial sources. In the case 

of the fungal cellulases where the more definitive work has been done, it has 

been shown (assay based on production of reduced sugar) that the maximum 

temperature varies from 40 to 7OOC. (62,63,64,&) The temperatures at which 

f i-efuxgat cetfubes SWH fo b inactlvafed vary from 46"efO as+iigj-m 70% 

Below are a few examples. 

Source - 
Trichodtnna koningi 

Poria vaitlanti 

Aspergillus niger 

M. verrucaria 

- 
- 

- 

Temp. 

70 "C 
- 

&I -70 "C 

70 OC 

50 "C 

Reference 

66 

63 

67 

62 

Work with fungal cellulase indicates that the enzyme i s  generally 

inhibited by mercury, silver, chromium, lead, and zinc salts, while manganese, 

cobalt, magnesium, and calcium with phosphate cause stimulation in certain 

cases. (61) The literature concerning the effect of certain oxidizing and reducing 

agents on the enzyme are conflicting; however, permanganate and molybdate 

have been found to be stimulating and bisulfite, dithionite and benzoquinone 

are inhibitory. (6s) 
Bow and Whitaker (69) reported that fungal cellulase from - M. verrucaria 

was inhibited by iodoacetate and p-chloromecuribenzoate but that the inhibition 

could be reversed by the addition of glutathione, crysteine, sodium sulfide or 

potassium cyanide. 
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Reem, et. a1 ., (70) using cellulore isolated from various micro- -- 
organisms, found csl lobiols to be generally inhibitory a 

exceptions, and in theso cases the presence of the cellobiore appeared to bo 
stimulatory. 

cellulosm as a substrote and a 2% rolutton of cellobioro, 

There were two 

Those experiments were carried out at pH 5.0 wing carboxymethyl 

ne oddltlon of certain pmtmlnr to preprot!onr of cmllulom 

from - M. vrrrucurla ( A )  woro shown to stlmulato tho collulolytic actlvlty, 

based en ono of tho following procoduros: 

Thoro aro many mothods for tho a m y  of colluloro, but most aro 

I ,  b c s l . a c r r c r - t n & ! R g ~ ( ~  # v d w *  

2, 
3, 
4, 

Effoct on vlrcority of solublo colluloro dmrlwtlvu, 

Loa In wolght of lnrolublo rubstrata, 

0xyg.n uptoko during tho onrymat1c oxldatton of 

glucolo (glucoro owldaro) produced by hydrolysis of tho 

c.llulor0, 

D8croaso in mrchanlcal propertlm of flbom or fllm. 

Changes In bi-rofrlngenco of fllms. 

5, 

6, 

4.2.5.2 Pocttc bzymos, Poctln.ttomro and Polygolacturontuo 

h c t l c  rubstanco Is a gmup drtlgnatlon for colloldol polysaocharldr 
whfch contuln a largo proportton of 0-galacturonlc acid ond methanol and 

which an wldoly dlstrlbutd In tho plant klngdom, 

an ~ ~ l , b g l y c o r l d I c  Ilnkago botwoon tho pymnoro rlw of tho mothy1 a t w  

of tho 0-galacturonic rnonomor, Tho pymnoro rlnQ occurs malnly In tho 

chalr form, oormpondlng to tho most rtublo conflgumtlon of D-galaotorm, 
Tho onsyma lnvolvod in  tho dqtudatfon of thlr poctlc suhtanoo QFO 

poctlnwtomm and pol yga laoturonaro , 

Tho pootln molooulo har 
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Pectinesterase catalyzes the hydrolysis of the ester bonds of pectic 

substances to yield the pectic or pectinic acids and methanol. (72) Poiy- 

galacturonase catalyzes the hydrolysis of glycosidic bonds between deesterified 

galacturonide residues. 

4.2.5.2.1 Pectinesterase 

Pectinesterase (PE) has been found to be widely distributed in 

plants, molds, and bacteria. However, those sources most often u rd  and 

reportedly containing corrsiderable quantifies of PE are alfalfa (721, tomatoes 

- - .  ( l 3 )  r_ cjtrus fruit (741, pot-ato I eqves, tobaccc,. aider (751); r?dfu-q~i576),  In 
t - -  

almost all cases the PE is mually fixed cr adsorbed to the solid portions of 

the plant or fruit. 

~ 

PE has been shown to be highly specific, saponifying only the 

I methyl ester of pectic substances (77). The PE from the skin of oranges has 
been reported to hydrolyze only the methy! ester groups adjacent to free 

carboxyl groups, the hydrolysis proceeding 1 inearly along the pectin molecule 

as successive methoxy groups sp! it off (78). 

The tempernture stability of PE vcries depending on the source 

from which it was isolated. 

pH 6.0  for I hour at 35OC, whereas tomato PE at 7OoC and under otherwise 

similar conditions, was only 50% inactivated (76). 

inactivated at pH 7.5 in a borate-acetate extract i n  30 minutes (7p). 

Fungal PE i s  50% inactivated in 0.1 AA NaCl at 

Orange PE wof 5096 

The pH optimum for plant PE lies in the range of pH 7 to 8 at 

low salt concentrations. However, the fungal PE i s  markedly different in 

this respect and has a pH optimum in the range of pH 4.6 to 5.5 (80). 

PE is relatively inert to chemical inhibition by cyanide, 

iodine, formaldehyde, etc. (76) 

very effective inhibiton of PE (76). 

Detergents arid soaps are reported to ba 
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Cations have been found to increase by many fold the activity 

of PE in  the pH range extending several pH units below neutrality. It has 

also been shown that divalent cations are more effective than monovalent 

cations. Because of this fact the explanation for the observed incraase in 

activity can not be bored on ionic strength. Although some theories have 

been advanced to explain th is  phenomena, none seem to completely fit all 

the facts (76). 

The activity of PE i s  assayed by measuring the increase of 

carboxyl groups at constant pH (el), the increase of methanol (n), or by 

measuring the evolution of carbon dioxide from an NoHCO buffer using mano- 

metric _ _  - methods (82). To i nsure-Iel iobl e r-uljs frm any of-th~~a-matnda thrr 

cation content of the system must be known, The enzyme activity i s  ~ p e d  

in  millequivalents of bonds hydrolyzed per minute per millimole of enzyme 

under established "standard" conditions. 

general, the optimum conditions (pH, temp., etc.) and, therefore, vary 

slightly with the source of the enzyme. 

3 
__ - - - -  

These "standard" conditions ore, in  

4.2.5 2 2 Polygalacturonase 

Polygalacturonase (PG) i s  most commonly found in the lower plants 

such as bacteria and fungi, but seldom in higher plants. in animals it is found 

only in  the snails (80). Isolation of PG often involves separation from PE by 

ion exchange treatment. Successful isolation of PG has been accmpi i rhd  

from the following organism: 

Organism Method of Separation 

Aspergillus niger Partial inactivation; adsorption on 

Fuller's earth. Chromatography on 

AJ2O3 and on filter paper. 

Penicillium expansum Precipitation with alcohol 

Rhiroaur tr it ici 

Reference 

83 

84 
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..... . . .  .~ 

Nost d the work done using purified preparations of P f  indicates 

that PG i s  very specific (85). Although PG is  regarded as a hydrolase, it 

has not yet been clearly determined whether PG splits the glycosyl-oxygen 

bond w the aglycone-oxygen bond. Since no transferase action has yet been 

reported, it may be that a double displacement mechanism os proposed for 

many carbohydmses is operative (77). 

A classification of various PG's has been proposed based on their 

d e  of action. There are three classes (77) : 

PG I Liquifying PG - splits the glycosidic linkages more or less 

at random, producing a rapid - ~ .  decrease in viscosity-. 

This type acts best on pectins of a low degree of 

esterification. 

PG I I  Brings about the hydrolysis of highly esterified pectins. 

The commercial preparation "Hydrolase" appears to 

be just such a PG. 

PG 111 Splits glycosidic linkages from one end of the pectin 

molecule - probably from the reducing end. 

It has been observed that alkali salts increase the activity of PG 
as they do PE, hwever, there is not nearly the marked effect for PG. 
effect follaws the series: 

The 

Li < Na < K < Rb < G (86) 

.t+ 
In contrast to the effect observed with PE, Mg caused 48% inhibition of PG (87). 

The pH optima for PG have been reported from 3 to 6. Although 

the optimum may vary depending on the source of the enzyme, pH 4.0 i s  most 
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genemiiy used (Soj. PGis from bacteria and phycomycetes hove a pH optimum 

near 7.0 (77). 

7096 inactivated in 20 minutes at pH 0.6 and 23OC. 

niger) appears to be rather thermostable (88,W). 

PG appears to be remarkably stable to acid; it i s  only 50 to 

PG (from Aspergillus 

Assay procedure is based primarily on one of the following: 

(a) 

(b) Decrease in viscosity (91). 

(c) 

(d) Decrease in optical rotation. 

Increase in reducing groups (90). 

Decrease in precipitability by calcium or nonpolar solvents. 

_. - - . ___ - -  . - -  - _ _  
The assay procedure m a t  commonly used is  that based on the 

reducing group change. 

equivalents of b o d  hydrolyzed or millimoles of reducing group per minute 

under standard rway conditions. 

and 0.5% pectic acid. 

The results can be conveniently exprsud in  mi l l i -  

Standard conditions consist of pH 4.0, Z 0 C  

4.2.5.3 Lipase 

The enzyme lipase catalyzes the hydrolysis of oil and fats, i .e. 8 

triglycerides of long-chain fatty acids and can be thus differentiate from 

other esterores which hydrolyze simple a t e n  of low molecular weight acids. 

Isolations of the enzyme lipase have been accomplishad primarily 

f r m t h a  pancreas of various animals, i.e.r hog (92,93), rats (94), and 

bovine pancreas (95). The isolation of lipase has also been reported fmm 

fungi (96), yeast ( 9 3 ,  costor bean (98), and various bacteria (99,100). 

Since it has been shorvn that lipase makes up 2.5% of the total 

protein of swine pancreas this has remained the primary sourcebr t h i s  enzyme. 

A recent procedure for the isolation of pancreatic lipase (hog) has been reported(!Ol). 

This  preparation was found to have maximum stability at pH 5.6, and was able 
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to withstand storage i n  5% NaCl at 5OC for 2-3 months without loss of 

activity. 

stability of the enzyme (102). Hg and other heavy metals and also halogen ions 

(F > I > Br > Cl) seem to inhibit the enzyme (103). 

-SH groups are not directly indispensable for the hydrolytic activity. 

is  inactivated by surface-active compounds (102). 

There i s  some indirect evidence that calcium ion i s  necessary for 

However, it appears that 

Lipase 

Desnuelle (101) provides evidence that the lipase enzyme is more 

active when the substrate i s  emulsified (rather than in solution) and that the 

enzyme is active at the oil-water interface. He provides a series of curves 

showing that the initial enzyme rate varies with the interfacial area, and also 

reports -Michaelis curyes uskg p a r t i d y  &!g s&sknter ftri%&in, met!+ 

butyrate) which show a significant increase in  lipase activity after the substrate 

has reached saturation and i s  in the form of an emulsion. 

- 

There is good evidence (104) that lipolysis occurs i n  three well- 

separated and consecutive steps and is due to the catalytic effect of one enzyme 

(lipase). The requirement for calcium ion does not in any way alter the course 

of the lipolysis but does promote the process by combining with the interfacial 

soaps (105). 

Desnuelle gives evidence that bile salts, such as taurocholate, 

increases the initial rate of hydrolysis by a factor of four at 37OC. 

the possibility that the acceleration i s  due to an increase in interfacial area 

by insuring that it is already large enough to give maximal reaction rate before 

the addition of taurocholate. 

in  fecal material, one can anticipate some stimulation of the lipase activity 

when feces serves as the substrate. 

feces contains 0.15% bile pigments. Optimum pH is  about pH 7.0 for lower 

triglycerides; it i s  shifted to pH 8.8 for higher triglycerides (106). 

lipase (although it varies with the state of purify of the enzyme, wi th buffers, 

with method of assay, etc.) has an optimum temperature of about 37OC for most 

substrates (107). 

He eliminates 

Since there are normally some bi le salts present 

According to Goldblith and Wick (7), 

Pancreatic 
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Two methods have been wad for assay. Continuous titration 

of fatty acids released during hydrolysis is one of these (108). The other is 

measurement of carbon dioxide released from sodium bicarbomte by tho fatty 

acids (109). 

4.2.5.4 Popuin 

Papain was chosen over such proteolytic enzymes as pepin, 

chymotrypsin and trypin for the fo l lw ing remsonsz 

are not as heat stable, (2) they are more sensitive to low concentmtionr of urn, 

(1) the lottor enzymm 

(31 tfrdr Opth%!!!!! p)rl V d U a  & VaLy acid JWQkbhi &&(4!) f2&!'3 her 
shown to praducs mom extensive deSJradation of protein substmtos than other 

proteases, and (5) crystalline papain i s  relatively easy to prepore and b 
commercial ly a w i  lable. 

lsolatton is from the dried latex of the papaya plant, Tha drid 

extmct is ground with sand in the presence of a dilute cysteine solution at 

pH 5.7. 
i s  broqht to pM 9.0. 

and suhsquently with sodium chloride. 

allwing a solution of the enzyme at pH 6.5 to remain at 4*CI 
can be accmpl ishd from sadium chlorlde solution or from 7096 ethanol by 
soltlng out w1th Q lithium salt. 

Inert moterial is  removd from the clarified extmct after the solutlan 

The enzyme is precipitatgd first with ammonium rulfots 

Crystallization i s  achieved by 

Recryrtcrlliratfon 

OMI of tho molt strikina proportias of ppaln i s  i)r &.r high 

tempemtun rtabllity: half-Iff., 56 mfn, at 75*C (110). Rmlstance to d e v u t d  

ternporntun is markdly pttdepandmt, partfcularly be lw pM 4.0, where 

papain i s  ropldly and irreversibly inactivated (Ill). 
In the presence of protein tubtmtm (at apparcld to synthetic 

peptides) papain WQS found to be fully active after expure to 9M c urea (101). 

Hwovsr, i n  the presmco of synthetic substmt.e it was found that concentrations 

about 3M u r n  r f f o c t d  irrsvenfble tnastiwtion of p p i n  (112). - 



-I ine enzyme i s  sensitive i o  suiflnydryi agents such as iodoacetaie, 

hydrogen peroxide, heavy metals and p-mecuribenzoate, and is activated by 

k$s# HCN, and other reducing agents (113#ii4). 

studied the hydrolysis of crystalline egg albumin by crude papain and found 

that after papain digscstion, neither ppsin or t ryp in  could bring about further 

hydrolysis. 

The broad specificity of papain was shown by Calvery (?IS) who 

The pH optimum for protein digestion was in the range pH 7.0- 

I 7.5 (116). 

Papain may be conveniently assayed by measuring the rate of 

hydrolysis of a synthetic substmte such as benzoyl-L-argininamide (BAA). 
assay is  performed at  pH 5 to 7 at 4OoC in  the presence of appropriate 

activating agents (117). 

The 

- _  _ _  __ ~ - - - . - - . - 

Papain can also be assayed with urea-denatured hemoglobin as i 
~ 

I 
I 
I 
I 

l 

substmte (ll8,ll9), The reactions are performed at 39OC in the presence of 

0.005 M cysteine and 0.001 M EDTA at pH 7 to 8.5 Alkquots of the 

reaction mixture are removed at appropriate intervals, treated with 5% tri- 
- .I 

I 

chloroacetic acid, a d  filtered. 

photometer at 280 rnp. 

The filtrates are examined in  a spectra- 
I 
I 
1 

4.2.5.5 Ureare I 

The presence of urease has been reported i n  numereus bacteria, 

anlmols and some plants. Hwever, the two richest source and thare mort 

frequently wed for the isolation of the enzyme are lack bean meal (116) and 

the bacteria B.pcurteuri,i (120). 

weight basis) and - 6 .  p t e u r i j l  .o%. 
fairly straightfoward, an acetone extract giving impure crystalline material (121). 

isolation from B. gosteurii is  much more complex, involving six steps, including 

several sulfate fractionations, calcium phosphate gel treatment, and an acetone 

fractionation. 

Jack bean contains 0.15% urease (on a dry - 
lsolation from jack bean mew1 i s  

- 
Although the enzyme was not obtained in  crystalline form, 

27 



Larson and Kallio et al.(120) have reported activities of 150 to 190 unitqmg 

compared to 139 unitdmg for Suvner's jack bean urease. 
-- 

The presence of sulfhydryl groups in the urease molecule has 

been amply confirmed (122,123). The work in the last reference indicates 

that there are 23 -SH groups per mole. Due to the presence of tho -SH 
groups, urease i s  inhibited by typical -SH reagents such as the rnatal ions 

f+ 
Aq', Ha*, Cu , ferricyanide, p-mercuribenzoate, trivalent arsenicals, 

and furacin. Sodium and potassium ions inhibit, and phosphate ions activate 

urease (124). 

Studies using tri-(hydroxymeth y1)aminomethane sulfur (inert) 

clt obuffu 4!25) show Q fM c + + h  e+ 8.0, Well d-bi&-{K26)-iR$ieFize- 

that at urea concentrations above 0 . 3  M the activity actually decreases. It 

has been postulated (126) that at high concentrations, ureg may oecupy thot sit* 

on the urease surface normally occupied by water, and thereby inhibit tho 

enzyme. 

- 

Extensive studies to determine the heat of activation of urease 

(127, 128) indicate that thermal deactivation of the enzyme i s  significant at 

43 - W'C and that only 10% of original activity of the enzyme (at pM 7.0) 

remained after heating to 96OC for six minutes. 

By comparison, the baeteriai urease isolated by krrson and Kallio (120) 

was very sensitive. The reported that their purest preparations (190 unitdmg) 

ware inactivated very rapidly on standing (evan during refrigeration), by 

dialysis in the absence of reducing agants, by pH values lowar than 5.2, and 

by organic solvents. 

The enzyme i s  absolutely specific for hydrolysis of utea (129,130). 

A colorimetric assay using the Nessler reagent to determine the 

ammonia formed from the hydrolysis of the urea i s  convenient and simple (1 16). 

A titrimetric assay i s  reported (131) in which the m m n i a  formed 

i s  titrated with 0.1 M HCI. 
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4.3 Power from Human Wastes 

4.3.1 Theoretical Fuel Value 

From the heats of combustion of the human wastes, urine and 

faces, a maximum value can be estimated for p e r  that can be produced 

using these as fuels. Obviously, various limitations apply; however, the 

power i s  to be extracted, and the heats of combustion provide only a l imi t ing 

value. Heats of combustion are used because the most likely approach to pro- 

ducing power from urine and feces electrochemically wi l l  be to employ oxygen 

_ .  e s  the oxidant, - 

4.3.1.1 Urine 

The major organic constituent of urine i s  urea. 

duction i s  dependent on a number of factors, the normal average quantity 

produced per day by one man i s  22 g. 

encountered when high protein diets are consumed; up to twice the normal 

urea output may be obtained under such conditions. Other significant organic 

materials in urine, again based on an average man-day, are amino acids, 2.5 Q, 

creatinine, I .5 g, and hippuric acid, I .5 g. 

the contribution of each of these components to the heat of combustion or urine: 

While urea pro- 

Higher than normal urea production is 

The following tabulation shows 

Urea 
- Kcof Watt houn 

58 68 
Amino acids (taken as 1/2 alanine, 
1/2 phenylalanine) 14 16 

Creatinine 7.5 8.7 

Hippuric acid 

To ta I 

8.5 9 . 9  

88 102.6 



Note that more than half the heat of combustion derives from the single corn- 

ponent urea. 

vary approximate and would come from many more individual compounds than 

the two used for the estimate,. 

Further, the relatively high figure quoted fw amino acid% 1s 

Tho heat of combustion of urlncar provide o guide to the maximum 

energy that might bo abtaInd from it. Further consideration must be glvrn to 

the processes for obtaining such energy ond to the limitations which apply to 

thcwar procmms 

Practical considerations Indicate that a single procw, In tcmm of 

the controls that must be applied, would be mort desirable for conversion of the 

e.!mdeol! - e ! % q y  -& uriPw.8 tf2 c l l e c t . c i d  %Wr@y. lkgwsg! h-a- $- 

urtnc, am not yet am+nable to direct convttnlon in F e r - p d u c i n q  mctions, 

at Iwrt two prot&tser must ba considered: 

an electrochsmically active i n t s r d i a t e  and the electrode racletlon process. Aa 

prnrrontly G O ~ C Q ~ V ~ ,  both thew processes would bo cmblnad, That it, the 

o chemical conversion step to produce 

chemical transformation, effected through some form of btslqical catulyrfr, 

would ba carried out I n  the presence of an eleetrsde. 

&la of the mart practical expedients is  to concentrate on tho most 

abundant componsnt of urine and to maximize the efflcfency of converting the 

chemical snsrgiy of thof component to dec tdcd  energy. 

abundant cotnpenent which can lead to an electrochcmically active intermdiaiar 

It urac. 

In urine, ths RMI) 

Eurlier, the ngrml average output of 22 0 UP- par man-day wcn 

slquated with approximatrly 68 watt houn basad on h w t  of combustion dab, 

bat us consider (1) how this heat of combustion can be convert& to electrical 

p e r ,  and (2) haw much of this energy might be practically obtained. 

conrldwing a mechonirm for this conversion (methunisrn w 111 be treated cubsqusntfy), 

urea may be hydrolyzed to ammonia and carbon dioxide: 

Withsut 
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2 NH3 > N 2 + 6 H + * 6  e- 

Assuming oxygen us the fuel cell oxidant, the following call roaction may ba 
taken as a model and used far estimating efficiency; 

Assuming that essentially no losses occur in the conversion of urea to ammonia 
- ._ - _ -  . -  - __ .-- - - . - 

and that conversion of ammonia i s  not rote limiting, the theoretical energy 

avoilabier from 22 g of urea is: 

A reasonable voltage efficiency fer this cell appears tg be lo%, 

re, that energy from urea in  urine that may be available as eleetrical energy i s  

41 watt hours per man-day. Power ovailoble would be approximately 2 watts 

per man, 

Similar calculations for the minor organic cemponents of urine 

must consider the electrochmically active intermediate and the electrode 

roadion that would be u r d ,  One approach i s  ta assume a two-(plwtrea r d o x  

rwctlon for wch  sf tho minor components; the other i s  to mume thot all tho 
nitrOqgrn could be converted to ammonia. Again, without ragord to rntgchanisq, 

estimatef can be made of the energy of these compounds that might be converted 

to alrretrtcal energy. 

The following tabulation gives estimates of the electricol eneray and 

power mode within the context of the foregoing asrumpt\on. 

voltage af 0.79 volt has bean arrumad for all earn, This volus ir 70% of tha 

E@ far tho ammonia-oxygen reaction. It con bs, seQn then, that urm Is by for 

the mort pramiring fur l  component of urine,. 

A working sell 
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2-slsctron change Conversion to ammonia Component 

Amino acids 
(taken CUI 1/2 
a 1 an ine, 1 /2 
pheny I a I an Ine) 

Croat hi ne 

Hippuric acid 

TOTALS 

. . . . . .. .. ... . . . . . . - . . . . . . - .  

Power, Energy I Power, Energy I 
Wattdman-day Watt hdman-day Wattdman-day Watt hr/man-day 

0.04 0.91 0.06 1.4 

0.02 0.55 0.1 2.5 

0.01s 0.36 0.02 0.53 

0.075 1.82 0.18 4.4 

4.3.1.2 Feces 

There i s  very l itt le specific information on the composition of 

feces, 

ion of components i s  not potrible. 

that the caloric content of feces i s  7Gl40KeaI per man-day; this correrponds 

to 81.5 to 163 watt hours per man-day, 

Thus, an estimate of heat of combustion by summing heats of combust- 

An estimcrte in  the literature, howevor, is 

An analysis of feces os an elactrockemkol fuel i s  considerably 

more difficult than for urine, primarily because information on the composition 

of feces is limited. By applying certain assumpttons, it i s  possible to arrive at 

useful numben, hwever. 

The fint considemtion must again be given to what rlectrochomically 

acttve intermdiates can bo producd from feces, the components of fucm them- 

selves being inactive. 

feces in  only small quantitier. The significant components of feces are the 

nitrogen content, lipid content, and polysaccharidr content. Thr nitrogen 

content of dry fecas har bean estimated at 6%. 
dry feces and polywccharidos to 15-3096. 

moat rubieet to variation, These values for the most part raprmsent not only 

discrete compounds and undigasted residues, but also thu l ive and dwd bacterial 
matter present in  farces. 

There are a large wriaty of compounds prusent in  

Ltpids amount to 1525% of 

The polysaccharide content i s  perhap 
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Electrochemically active intermediates which might be produced 

from these major components of feces are largely ammonia and hydrogen. A 

limited basis exists for conversion of nitrogenous compounds to ammonia. Some- 

what firmer grounds exist for hypothesizing hydrogen production fm poly- 

saccharides. No biological methods are known that could even remotely be 

considered to convert the lipids to electrochemically active intermediates to any 

significant degree. 

enzyme-catalyzed reactions have been rejected for their specifictty . 
Because of the large number of compounds present, discrete 

For the purposes of discussion, the complete conversion of nitrogen 

to ammonia can be assumed, although attainment of such complete convelsion 

~ - -  I seem u&k*iy.. I Basad on a ~ 1  ayeraga daily outpllf ctf 150.9 kes.  by QR Mwlduai 

and an average solids content of 33%, avetuge production of nitrogen i s  3 g. 

Using assumptions described earlier for electrochemical utilization of ammonia, it 

i s  estimated that energy might be produced from feces at the mte of 14 watt hours 

per maday .  

On the basis that al l  the polysaccharide could be converted to 

glucose, and from the best data for hydrogen production from glucose (2.3 moles 

H per mole glucose), the maximum polysaccharide content of feces i s  equivalent 

to 0.19 mois hydrogen per man-day. Using 0.8 volt as a workirg cell voltage 

for a hydrogerroxygen cell, this quantity of hydrogen represents 8.2 watt hours 

per man-day. 

2 

4.4 Selection of Bacteria and Enzymes 

Utilization of urine and feces as electrochemical fuels requires a mechanism 

for conversion of the electrochemically inactive components of these wostes to 

electrochemically active products, e,g., ammonia and hydrogen. 

The simultaneous conversion of waste materials to reusable chemicals probably 

w i l l  require a different line of attack since optimization for both electrochsmical fuels 

and waste disposal does not appear to be feasible. Optimum anaerobic digestion 
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processes yield methane, hydrogen sulfide, pyrimidines and other toxic reduced organic 

compeunds which me not tolerable in  a closed system. Appreciable quantities of crmmia 

and hydrogen are not produced, Aerobic processes, on the other hand, yield carbon 

dioxide, and only marginal amounts of omrnonia. 

For ammonia production, the urea bacteria in general were selected for 

screening. I t  wm planned to narrow t h i s  ~ J e c t i o n  i n  preliminary screening for growth 

in urine and accompanying ureolytic activity. Tho organisms surveyed include 

Sarcina ureae, Micrococcus ureae, Loctobaci llus bifidus var uteolyticus, Brovibuclsrium 

ammoniaganes, and Baci I Ius pasteuri i e The prospect of converting fecal ni trqenoua 

compounds to ammonia i s  considerably less attractive and was not pursued in this study. 

- __1_1 P 

Fsr-prbGircriaPr af prydrs$etr fi.anzr-itscai Pscckoi3d;err, E. tbi5 ar"id €3. pel.fring-eIwr . .  

- _ _ 1  _e 

were oeiected; both are indigenous to feces. The prospect of using mixad s~wogo cultures 

to produce hydrogen from feces held some promise and wit1 be discussed in a later 

section. 

As to enzymes, cellulase and lipase were sefcctod for further study, Celfulase 

i s  of interest becous6? (1) bacteria hydrolyze cellulose slowly and (23 the glucose from 

cellulose i s  a good source of hydrogen by way of bacterial fermentation. Lipare i o  

of interest primarily because of the refotively high lipid content of feces. 

proteolytic activity i s  common in bacteriu, papairl was rejected far further consideration. 

Urease was rejected because urea bacteria exhibit high ureolytie activity. The pectic 

enzymes, pectinesterase and polygalacturanase, would be of limited value because of 

the smull quantity of pectins in wastes. 

Because 

Practical consihrations lead also to the desirability of using urine and Feeas 

in mixtures. 10 this end, studies were concerned, on the one hand, with the affect 

of feces on bacterial production of ammonia from urine. On tho other hand, acltnlxturs 

of urine, with faces i s  indicated for work on production of hydrogen from fecal 

components, because feces, despite i t s  high nitrogen content, i s  notoriously poor i n  

nitrogen campounds that can readily contribute to bacteria! metabolism 



Screening bacteria for growth and attendant ureolysis in urine was perfomred 

to select the most favorable organism(s). 

under anaerobic conditions, because electrochemical utilization of the produced 

ammonia would be expected to proceed most favorably in the absence of oxygen. 

Further, it i s  desirable to minimize oxygen utilization in a closed ecology. 

Ureolysis was considered of greatest inhwest 

Sarcina ureae - This organism grew and produced ammonia in aerobic but - 
not in anaerobic cultures when Urea broth and urine were used as media. 

sequently, s. ureae WQS eliminated from further study. 

Con- 

- 
Micrococcus ureae - The culture, received from a commercial culture collection, 

was contaminated; however, since the literature indicated that M. ureae, like 

S. ureae, is essentially an aerobe, the organism was rejected on this basis, 
- 

-- 
Lactchcillus bifidus var. ureolyticus - Although the literature reports that 

this organism anaerobically hydrolyzes urea to ammonia (43), our culture failed to 

demonstrate ureolytic activity despite numerous subcultures in a medium containing 

urea. The investigator from whom the culture was obtained suspected that ureolytic 

ability was unstable and prolonged stock (5 years) of the culture probably contributed 

to the loss of this characteristic. No other source of this organism i s  known. 

Bacillus pasteurii - This organism demonstrated aerobic and anaerobic ammonia 

Somewhat better growth occurred aerobically in production i n  Urea broth and urine. 

Urea broth while anaerobic growth was better in urine. 

anaerobic growth, approximately 9796 of the urea present in urine was utilized. 

Brevibacterium ammonicagem - The bacterium grew readily and produced 

After one day of 

ammonia aerobically and anaerobically i n  both Urea broth and urine. 

ureolytic activity was rapid (24-48 hours) in Urea broth and in urine, but ammonia 

was not evident before 5 days of anaerobic growth in urine. 

of the urea present in the urine was utilized. 

under anaerobic conditions resulted in our dropping this organism from further con- 

sideration. 

Aerobic 

In the latter case, 46% 

The relatively slow ureolytic activity 
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The experimental screening prqmgm r s s u ! f d  In the so!o:t?m ef 8. ije~+;.~i;f; 

for subsequent studies. "h is  organism was selected for i ts  relatively rapid anaerobic 

growth In urfne accompanied by efficient urm hydrolysis. 

- 

4.6 Optlmlrotion of Ureolytfc Actlvity 

A amrim d ertprrimenta wwc earr id out in batch tultrrn, to mtabM 

oMimwn unolytle parom@wa for growth of - @.patourif in urinr under anoeroblt 
eendltforw fw agpllaat1sn to tubrrqu@nt conttnuout culturo end elotttochmIaal 

8tUdlO. 

4.6. 1 Amlytical Mitkda 

An oxportm+nt w o i  portormod In which 0 b. paateurl1 waa g w n  

In urlnm In Warburg vcwloli to dotmrmino the quantlty of fmo p a  evolwd, 
Tho o v w o l l  gar evolutlon woa nogl tgibla, tndlcatlng that tho carbon dtoxldo 

and emmonia produced from urw hydrolyalr aro o f f r ~ t l v d y  kept in tolt~tlon O( 

ammonium carbonatq t h1i pemttr tho uio of an analytlcal tochnlquo for 

ammonlum ton, The rnothd ralocted waa tho celerlmetrlc dotormlnatlon Ot 
Oontrkw and Moron (134. Warburg monomotry may bo uaeful, however, 

to meuiure dluotved carbon dloxlde by tormlnal acldtflcatlon of the cultwrrr, 

Tho doto lr prosentd In Toblo 5. 
Tho colorImotrIc analyalr of Ormrby (133p waa to loctd for tha 

dotormlnatlon of u r n  In urlno beaauir, of I t a  nlatlva almpllelty and acoumcy, 

Since utlltratlon of uroa and productlon of ammonla wen tho 

metabolle rmotlona of groatoat Intamt for tubarquent dettroohemlooi wpor 
lmonta, thao w a n  u t d  a i  tho prtmo tndlcatlona of growth, excapt tn iomo 

oorly wperlmenta performd prlot to deveiopmont of thao onalytlcal tochniqw, 

In iuch mar, toto1 a011 number was moarud to drtormlna grcrwth, elther 

alone, or In a few c a m  cwnblnod wtth uroa detrnnlnutlor#, 
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TABLE 5 

Gas Production Demonstrated Manomaatrically by Cultures of 8. - pas)eurii 

Initial Values Fina l  Values (4 days) 
Approx. Gas Produced 

urea Urea (ml of gas40 mI of 
Flosk No, (mg /m I )  pH (ms/ml) PH culture) 

1 10.75 8.8 0.29 9.3 2.0 
2 

3 

10.75 8.8 0.28 9.3  2,o 

10.75 0.8 0.29 9.3  2.0 
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The general procedure for examining growth of B. pasteurii in - 
static culture consisted of inocuiating filtersterilized (Seitz) urine with a 1% 

inoculum grown in  urine. 

tubes filled to capacity to exclude oxygen. 

routinely in  urine. 

inoculation and after growth which was generally 24 hours. 

Cultures were usually grown in  30-ml screw cap 

Stock cultures were subcultured 

Urine was analyzed for urea and ammonia both prior to 

The incubation temperature was 3OoC and the pH was usualiy ad- 

justed to 8.8 - 9.0 after inoculation. 

Using these techniques, the growth of B. pasteurii i n  urine h a  - 
been shown to result in virtually 100% conversion of urea to ammonia. 

m o l e  mtio a? ommonio prduced fo urea utilized i s  approximately 1.8:l - I .95:1 

demonstrating that only a small amount of ammonia i s  converted to cellular 

nitrogenous material. Ureolysis is primarily an eneigy-yi elding reaction. 

The 

4.6.2 Storage of Urine 

It was established early in the progmm that there was no difference 

in  anaerobic grcwth of - B. pasteurii when either freshiy collected, refrigerated 

(several days) or frozen urine was used as the medium (Table 6). 

In order to maintain large quantities of urine under constant 

conditions for subsequent studies, urine collected from suitable donors was 

pooled and frozen. 

thawed and sterilized by filtration. 

Prior to each experiment, a portion of the urine was rapidly 

4.6.3 PH 

Bornside and Kallio (134) reported that the optimum pH for g rw th  

of - 6. pasteurii in  a medium containing urea was pH 8.8. 

performed which demonstrated that an initial pH of 9.0 supported optimal 

anaerobic growth in  urine after 24 hoursgmth (Table 7). 

An experiment was 

The pH of ammonium 

38 



TABLE 6 

Comparative G m t h  of B. posteurii in Fresh, Refrigerated, and 
Frozen Urine 
- 

Histow of Urine - -  --_-- 
Fresh Refrigerated Frozen 

Awrogefinol cell counts 

(cd Wml) 7 1.5 x IO 1 .S 10' 7 1.0 x 10 
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TABLE 7 

1 
Effect of pH on Growth of 8.psteuri i  in Urine - 

Initial pH 7.5 8.0 

Days after 
Inocufation 

6 1 7.3 to5 3,8 IO 

2 

3 

1.9 x IO7 3.2 x IO7 

8.5 

6 2.7 x 10 

7 2.4% 10 
7 2.1 x IO 

9.5 

9.0 

7 

7 

7 

1.4 x 10 

2 . 3 ~  IO 

1.4 x 10 

9 *5 

9.5 

6 3.8 x IO 

7 2.4 x IO 
7 I .6 x IO 

9.6 

1 Average total cell counts on dupllcata somplw (cellot’ml) 
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carbonate, produced from urea hydrolysls, i s  approximately 9.2 - 9.5 and 

sdutions conirrining this moterial are strongly buffered in this pH range, 

48 and 72 hours, essentially no difference in Qrwth was evident between 

cultures became the pH was identical. 

At 

4.6.4 1,mpsmture 

Tempsraturs optimization studies with 8, partcrurii grown in urino - 
showed that urea utilization and ammonia production were inhibited at 2S°C c o w  

pared to growth at 3OoC and 35OC (Table 8). 

total call counts was &served between cuitures grown at the higher temperatures; 

therefore, 30*C was selected as being more convenient for all studies.  

No significant difference i n  

4,6.5 Wtamlm 

Wflgy a d  Stakes (42) showed that mort strains of 61. paciteurii 
7 

rsquira thiamine and certsln amino acids for growth and that some strains alro 

need biotin and nicotinic acid. 

to which vf+arnlns were added selectively. Our studies (Table 9) eatablirhsd 

h a t  g iwth  was not enhanced by supplementing urlne with these three vitamins, 

o1th.r alone or in cdlnotlen, 

containr rufflelent amountr d there vltumjns QS might be wpected, singe 

urine qmmlly canhim vsrlaur amounts of all thtsre vitminr, 

Their cultures were grown in a synthetic medium 

This would indicate that urine 

4.6.6 Additlon nf Ures Urine 

An axtenrive study was made on the &fed af adding extra urOa 

to urine QB Q prel1mlMry stop in the use ef conemtmted urhr ,  It WAS 

owpectd that thlr approaeh weuld enable work with rmallftr volums~ d urine 

a d  alro rwuh In F O ~ U C O ~  elactrfeal resfsfancr of urinet Nonrtal urine, 
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O C  

25' 

252 

- 
25l 

2s2 

30' 
30' 
302 

35l 
34 

352 

302 

TABLE 8 

Effect of Temperature on Growth of _. B.pstaurii in &ne 

Dayr 
After 
Inoculation 

1 

1 

2 
2 
1 
1 
2 
2 
1 

1 
2 

3 
Ave. Urea 
uti I ized 
rng/ml 

4.70 

3.30 

10.59 

10.15 

11.64 
11.72 
12.01 

12.01 

11.64 

11.72 
12.01 

% urea 
Utilized 

38 .4 

26.9 

06.4 

84.5 

95.4 

95.6 

98.0 

98.0 

95.2 

95.6 

98.0 

Roduc 
mg/ml 

1.49 

1.91 

5.57 

5.04 
6.16 

6.16 

5.83 

6.19 

6.10 

6.20 

6.02 

AvaFinal cell Mole Ratio 
Count 
cel W m l  

I :o. 114 
i :0,204 

7 

7 
2.2 x IO 
3.6 x io 

- I:I .86 

- I :I .76 

I:I ,88 

I:I .85 

- I:I -72 

* I :I .82 

I :I .85 

I:i -86 

- ld.77 

7 

7 
4.2 x IO 

6.2 x IO 

7 

7 
3.6 x IO 
5.2 x IO 

1 G<periment 1 
2 kperiment 2 
3 Initial urea - 12.25 mg/ml 
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cooiaining i.W urea was supplemented at various levels up to 3.9% ureaI 

Table 10 shows that urem utilization and urea concentration varied inversely. 

Urea vtilization decreased from 96% to 58% over the range of uruo concen- 

tration examined. 

tion did not improve, while ammonla production did not increase at urea 

concentrations above 1,996, Up to i ,996 urw, the mole mtio of ammonia 

produced to urea u t i l i z d  was opproximatoly I .9d; this mtio decreased to 

I ,7:1 at the highest u m  concentrotion used. 

approxfmataly the some at all ureu levels which emphasizes the need for urea and 

ammonta analyses for 

At  urea concentrations higher than 2.796, urea utilIrcr- 

The toto1 number of cells wos 

more accurate representation of cultural perfonname. 

Bared on ,he amount of ammonia produced, the &)a ~ I ~ C Q + Q  h? 

1,996 urea appears to be the optimum concentration, sInce no lmprovsmsnt OCCUI 

at higher concentrations of uraa, It 1s expected that by employing adoption ~ F W  

cduros, 8 .  parteurti eould be "trained" to tolomta higher levels of urn. 
-D 

4.6,7 Additlon of Facer to Urlno 

Although 0,partouril grows falrty well in urine at-, It Is likely - 
that rupplemanting urlne wtth thoro nutrients that are grwch-linitlng w?Cl 

lmpravi growth and probably the rate of urwlyslr, Urine 18 c;epnpossCt lamely 

nf inoqonic compounds and centah  only matglnel quontltlra d oqmlt  c c r b  

nacoow matoriol from which hetorotrophlc Bectrrla ruch 01 8, p twr t t  AWI) 

ryn~hastxo tho bulk of h l r  cell protoplasm. 

LOU~CO, but not o iourca of c a k n ,  A porrtblr gpproclch te prsvidlng uttlkabbe, 

orgenlc motrrfal Ir the eddltlon of fecrr to urlna. 

-c 

Urw ttdpplha on c b ~ r g y  end n4Pmg.n 
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TABLE 10 

Effect of Urea Concentration on Growth of B. pasteurii in Urine 

Ave. Urea 
Uti I ked 

% Urea mg/ml 

1 .o 2,3 
2 

1. 0 
1 1.4 
1 

1.4 
2 

1.9 
2 

1.9 

272 
2.72 

1 

1 

2 

2 

2 

2 

3.1 

3.1 

3.5 

3.5 

3.9 

3.9 

9.87 

9.85 

13.48 

13.40 

17.43 

18.53 

21 -06 

21.31 

20.93 

21.68 

22.37 

21 .oo 
22 .# 
22.75 

1 Experiment I 

2 Experiment 2 

3 Normal urine 

% Urea 
Uti1 ized 

~ 

96.5 

96.2 

9 3.8 

93.4 

89.0 

94.5 

78.8 

79.7 

68.6 

69 .O 

64.6 

60.9 

57.7 

58 ,O 

Ave. NH 
Produced 
mg/mI 

Ave. Final 
Cell Count 

5.24 

5.08 
7.22 

7.11 

9.74 

9.92 

9.92 

10.76 

9.63 

10.43 

10.65 

9.74 

10.63 

11.15 

7 3.0~ IO  
7 2.5 x 10 
7 5.9 x IO 
7 5.8 x 10 
7 2.8 x 10 
7 2.4 x IO 

3.5 x id 
7 

7 

7 

7 

7 

7 

7 

2.4 x IO 
4 . 6 ~  IO  

5.7x IO 

2.4 x IO 

1.5 x 10 

1.8  io 
2.3 x IO  

Mole Ratio 
Urea/NHg 

I :I .87 

1:l.83 

i:i -89 

I:{ .88 

I:l.69 

I:I .8!i 

l:I .66 

1:I .79 

I:I .62 

l:I .m 
14.68 

I :I .90 

I:I .71 

1:I .73 
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utilization accurrecl in h 4% feces, 

approximately 95% of the urea being utilized (Table 11). 

In the 20% and 50% feces cultures, 89 and 80% of the urea, 

respectively, was consumed. In wine alone, 98% of the 

urea was consumed. Alttrough not measured quantitatively, 

the odor of ammonia wa5 detected in a l l  cultures. 

Experiment 2 

A second experiment was performed to provide data on the 

amounts of ammonia produced and urea utilized. 

pasteurii was cultured in urine containing I ,  5 and 10% 

lyophifized feces. Approximteiy h e  same amount of 

ammonia was produced in  the I and 5% feces cultures as 

in  the control (urine alone) culture (Table 12). 

reduced ammonia production occurred in  the 1096 feces 

culture. An elevation of the urea determinations for 

this and the previous experiment indicuted that feces 

interfered with the analysis; therefore, the urea data must be 

considered only approximate. 

evident for the ammonia analysis. 

that the addition of feces to wine do not enhance ammonia 

production; in  fact, at the highest concentration eucumid, 

inhibition was observed. 

8. - 

Somewhat 

No such interference wus 

The results indicate 

Experiment 3 

The inability of feces to enhance growth of B .  F t c u r i i  

in urine might be attributed to toxic compounds present 

in  feces. 

- 

In an attempt to overcome toxicity and/or 

encourage expression of adaptive enzymes, 8. pastewrii - 
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TABLE II 

Effect of Feces on Growth of B. pasteurii in Urine - 
Experiment 1 

Avo. Initial Avo. Ureo 
Whole F e c e s  Urea Utilized % urea 
by Weight (%) mg/ml mg/mI Utilized firmi pH 

4 

4 

20 

20 

50 

50 

8.0 7.59 PS.0 9.2 

8.0 7.61 95.2 9 .2 

7.5 6.52 88.0 9.1 

7.5 6.70 89.5 9.1 

7.0 5.62 80.3 8.8 

7.0 5.62 80.3 9.0 
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Lyophilized 
Feces by 
Weight (96) 

TABLE 12 

Effect of Feces on Growth of - 8. pasteurii in Urine 

Experiment 2 

Ava. Initial 
Uren 
mg/mI 

0 

0 

1 

1 

5 

5 

10 

10 

12.75 

12.75 

15.00 

15.00 

12.00 

12.00 

10.25 

10.25 

Ave. Urea 
Uti I irud % Urea 
W/ml Utilized 

12.41 

12.44 

14.42 

14.45 

10.30 

10.35 

7.70 

8.05 

97.5 

97.6 

96.4 

96.4 

85.5 

86.4 

75.0 

58.5 

Ave . 
NH3- Produced Mole Ratio 

malm1 Urea/NHg 

5.44 1:I "54 
5.75 I:I .64 

5.92 I:I .51 

5 .a6 1:I .33 
5.34 I :I .83 

5.64 l:I .91 

4.92 12.26 

5.12 12.24 



was subcultured 5 times i n  a medium consisting of 5% 

lyophilized feces i n  urine. 

then repeated using this 8. pasteurii culture as the 

inoculum. 

earlier results (Table 13). No enhancement of ammonia 

production was observed and inhibition occurred at the 

highest concentrotion of feces in urine (10%). 

The previous experiment was 

- 
The data, however, was very similar to 

It appears that unaltered feces doer not contribute 

beneficially to the nutrition of B. pasteurii growing i n  

urine. Chemical or physical pretreatment may possibly 
- 

convert feces to a more suitable substrate but this remains 

to be investigated. 

Continuous Culture of 6. pasteurii - 4.6.8 

The next major phase of the study was the gruwth of 9. partewii in 
L 

continuous culture. To fully approciate the value of continuous culture in the 

study of microbial physiology, this technique must be compared with butch or 

stationary culture techniques. 

A normal microbial batch culture i s  a dored system. After an 

Initial period of adiustment, growth becomes steady and rapid for a period 

which i s  referred to as the exponential g r w t h  phase. During this phose ail 

the components of the microbial cell are, i n  mathematical tern, i n c r u s d  

by the mma factor, 

c(3~1es when nutrient concentration drops to limiting values or when motobolic 

products reach toxic concentrations. 

fhls steady state of gruwth i s  temporary, ~UWWIK,  d 

Practical means for the maintenance of steady state for poritxls 

of long duration have been devhod and numerous successful methods have been 

described (135). Essentially they provide conditions for the continual supply 
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TABLE 13 

Effect of Feces on Growth of 8. wsteurii in Urine 

Experiment 3 

Lyophi I ;zed Feces 
by Weight (%) 

0 

0 

1 

1 

5 

5 

10 

10 

Ave, Urea 
Initial Urea Utilized % urea 

mg/mi mg/mi Utilized 

11.88 

11.88 

10.75 

10.75 

12.25 

12.25 

10.88 

10.88 

11.51 

11.48 

10.31 

10.35 

11.65 

11.62 

0.63 

8.60 

97.0 

97.2 

96.0 

96.5 

95.2 

95.0 

79.5 

79.0 

Ave. NH 

mg/ml 
ROdUCtX? Mole Ratio 

Um/NH3 

5.75 

5.39 

5.35 

5.20 

5.19 

5.54 

5.25 

5.20 

1:1.76 

1:1.65 

1:1,82 

1:1.77 

1:1.57 

1:1*68 

13-14 

12.14 
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of fresh medium a d  the simuitaneous removal of an equal volume of growing 

culture maintained at constant volume. The vaiue of this technique i s  that 

microbial growth now occurs under steady state conditions for prolonged 

periods, i .e., growth takes place at a constant rate and in a stable, repro- 

ducible environment. 

oxygen, pH, ynd metabolic products, which eventually change during the 

growth cycle in batch culture, are al l  maintained constant in continuous 

culture. 

Such variable facton as nutrient concentrution, 

Early methods of extending the exponential phase of gruwth 

depended upon growing microorganisms within dialysis bags or adding some 

adsorbent to a culture for the adsorption of toxic metoboiic products, 

further exploration eventually led to two divergent methods for 

the control of continuous culture. One approach, exempliffd by the Turbldorsat 

(139, Is referred to as Internal control and attains the steady state t h w h  

rcrgulation of nutriont fed  controlled by optically sensing turbidity of the 
culturo. 

and fluctuatos about a mean, maintaining the density within a namm mnge. 
It Is obvtous that this method cannot be med when growth produces a p r t  

clpttate as fr tho case of B. pasteurii cultured in urine. The second moans 

for obtafnlng stoady state growth uti1lx.r the princtple that gruuth of Q~I 

orpanism Is Ilmitod by nutriont concontmtion below certain wlum. 

food of modlum wlth on. nutriont in  Ilmlting concentratfon wi th  C0nr)cmt 

r m o w l  of cultun at  the same roto is u s d  to achtevo s t d y  sfato, 

tlnuour flow syrtom pennfts tho selectbn of a destrsd population dwwtty by 

rqulot lon of a limlting concentration of nutrient flwirq into the rnfcmblal 

cultun and tho seloction of a dostrod growth rate by regulation of the flw 

roto, 

(137) and the Boetogen of Monad (138) are two examples of this typo of 

continuous culture apparatus, 

Thus, tho dtlution mte varies w i th  the population density of th. tultum 

- 
A constent 

This con- 

This mothod Is reforrd to os external control; the Chmortot of Novick 

In the chemostat the dilution rate i s  rot at an atbitray MIUO and 

tho microbial population allcwod to find Its own level; by appropriate setting 
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ef ?he d i ! ~ t ! ~ n  mte, the g;~.~t!i ~ = t =  may be held at ?slid V O ~ U O  f r m  

slightly below the maximum possible to nearly zero. 

The cell population grows exponentially but the steady state i s  

maintained constant at a value somewhat less than the maximum growth mte 

by virtue of employing a I imiting concentration of nutrient. 

cmtitutos a self-regulating system and allows selection of a desired grawth 

rote. A wide variety of substances can serve to l imi t  or control growth. The 

nutrients most commonly employed for limitution are (01 amino acids, (b) 

energy swrces, (c) nitrogen sources, (d) phosphate ion, and (e) sulfate ion. 

The virtue of the chemostat is  that growth can be studied at very low concert- 

tmtions of nutrient and over a wide range of growth rates* I* is  known h a t  the 

morphological and phystological properties of ceiit change simultaneously with 

their g w t h  mte. For example, i t has been shown that Azotobacter vineiandii 

metaboilred glucose and ut i l i rd oxygen mom efficlently with incrwrim g d  

rates (t@. 
Increases with g w t h  rate while DNA content decreases with Increasing g m h  

mto. 

moa than slow-growing cells, There studies serve to illustrate the n l a t l d f p  

botwoon growth mto and other propwtiw of micmganfrms such 01 chemical 

compitton, dimensions and phyr~ologicai-bioch.ical p r u p r i i r .  

This, i n  effect, 

0th studies have domonstroted thot R N A  content of boctetio 

In addttlon, fast-growing cells ore larger and havo o g m h r  moan cell 

&caw0 extornally controllad ryr tm (charmtat) o l l w  vwiotfon 

In tho growth mto, growth mto i n  ttroif bocomo an important Cwpwinnntul 

paramtot. For wumplo, it is p t i b l o  to ostobtish a qwntitotfvo CI well QI 

a qualItottve nlattonrhtp botwoon tho compobltton d tho cwltum rmdtum Md 

gmwth roto by soloeting tho optimum tompodtion for grawth, This may be 

accomp~l~hod by wrylng tho contontmt9on of indtvtduol componmtr of the 
modtum and dotormIning the effoctr on gmwth mto of tho cwlkrn, In tho 

ahmootot low concontmtlon of chmicah tan be m a t n t u t d  corrrtunt o m  

though thoy might bo utilfrod ot high mt r ,  

adopted to mpidly dotormIno the offoct of boctorfartcrtlc 0g.nts and ontl- 

motobollto on growth rate. 

Tho sumo Q W . ~ O ~  mothod con br 
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Another application of the chetrnortat which takes advantags of 

the frrct that low concentrations of a chemical can Iss mainfairled eomtant over 

many gmerotions, i s  the study of the kinetics sf induction of an indueibie 



Age of Culture 
(hn) 

5 

22 

29 

46 

51 

12 1 

TABLE 14 

Growth of 8. pasteurii in Continuous Culture 

Experiment 1 

Ave. NH 
Flow Rate ~ r c d  u c J 2  
m i h r .  mg/ml 

2.65 
19.4 2.96 

3.23 

17 4.52 

4.26 

13 5.34 

Ave. Urea 
Utii iztbd I 
mg /m I 

4.62 

4.93 

4.50 

7.50 

8.00 

10.8 

% Urea Mole Ratio 
Uti I ioed Urea/NHg 

38.4 1:1.w 

41 ,O 1:2,1 

37.5 1:2.53 

62.5 1:2.12 

66.5 1:1.88 

87.0 1:1.74 

1 

2 

lnitiol urea of inoculum, 5.25 mg/ml 

Initial NH of inoculum, 2.77 mg/ml 3 



period and urea utilization increased from 49% to 8796. 

mole ratio of uroa utilized to ammonia producod stabilized at 

approximtely 1:2 during the 5 day run. 

observed during this experiment was tho formation of a heuvy pro- 

cipitato which doporitud on tho walls of the growth chambor and 

pluggod the orifico of the overflow tube. 

The 

The groatest diffflculty 

bcpetimont 2 

To overcome the ptoblorn of pncipitate plugglng tho 

orlfico, tho boro of the overflow tube was enlarged and o mgtmticolly- 

controlled polyurethane pad war placod imido the vrrt.4 to that the 
proclpltata cw ld  b scrubbed from the walls when n.t.r#y. 

Tho continuow cultun war opomtd for 19 days, Table 

IS shws k t  maxlmum utflizotton of u r n  was 89,5%, which 

occurrad on the 19th day of opemtlon, at a rotontion time of IO hours 

(flaw roto of 9.6 mi per hour). 

mol0 ratio of uroa ut i i i rod to ammonia producd stabtltred at 

approximatety 1:2 during tho lottor portion of tho tun. 

As In the ptevtour exprimtent, tha 

Two now probloms w o n  oncount.mt dud- this ucp.r?nnnt. 

boa utllizatton was greator In samplm colloctod from the oy.cFI~w 

*on In soampla token dlnctly from the g m t h  vomd which 

demonstratad that a dtscontlnulty oxlrtod batwean cultural condltlonr 
in thwo two orow. Therefore, ruboquent rompling was mda 

dlnctly from tho g w t h  vas01 * 



TABLE 15 

Growth of - B.pasteurIi in Continuous Culture 

Experiment 2 

Ago of 
Culture Flow Rate 
(day4 m l h r  

3 12,3 

4 11,5 
s 6.9 

6 17.0 
7 17.0 

10 (overflow) 13.2 
10 (grwth vessel 13.2 
1 1  13.1 
12 12.1 
13 12.3 
14 13.3 
19 (ovrrflow) 9.6 

19 (grwth vessel) 9.6 

Ave. NH3 
PrOducd2 
mg/mI 

Ava Urea 
Ut i l f rd l  

q / m l  

4.67 
4.90 
4.27 

3.13 
4.00 

5.22 

4.44 
4.52 

6.19 

5.59 

5.51 
5.35 
5.20 

1 

2 
Initial urea of inoculum, 6.69 mg/ml 

Inttlal NH3 of inoculum, 3.17 mg/ml 

96 Urea 
ut! I r2.d 

$ 8 7 8  

9 *43 

10.45 
7.85 

8.85 

9.63 
8.23 
9.20 
9.85 

10,43 
10.60 
10,95 

9.80 

69,s 

75.0 
76.0 
67.0 
60.6 
75.4 
65.0 

72.7 

77.8 
82.5 
85.0 
89.5 

79.3 

Mol. Ratio 
Urw/NH3 

1:1.88 

1:l . I S  

1:1.u 
lr1.42 
lil.69 
1:1.91 

lr1.90 
1:1.82 
1:2.2 
1:1,89 
1:1.83 
I t 1  .72 

lrl.89 

56 

I 
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The flow rate of urine varied considerably due to the 

inability of the Sigma pump to feed urine at a constant rate. 

sequentiy, the continuous culture did not reach a steady state for 

any significant lsngth of time. The Sigma pump was replaced with 

a Harvard Infusion-Withdrawal pump designed to deliver low rates 

of liquid with a high degree of accuracy. 

Con- 

Experiment 3 

The next continuous culture was operated for 17 days. As 

the flow rate decreased, the efficiency of urea utilization increased 

until a steady state wos maintained for a 4 day period between the 

11th and 15th day of operation (Table 16). 

utilized at a retention time of approximately !2 hous (flow rate of 

8.3  ml per hour). 

mg per ml of culture per hour. 

to ammonia produced was slightly over 1 :2, except on the 15th day, 

when the ratio jumped unexplainedly to 1~2.39. 

8344% of the urea was 

The ammonia produced varied from 0.45 to 0.49 

The stoichiometry of urea utilized 

The experiment was terminated when mold contamination 

was observed in the feed tubing. 

Experiment 4 

The final continuous culture in thi5 series was 

operated for 15 days, 7 of w h i c h  were at Steady state, (Table 17). 

During this period, opproximately 8ooA1 of the urea was 

utilized at  a retention time which averoyed 13.3 hours 
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TABLE 16 

Grwth of - 0.pattiburii in Conttnucaus Culture 

3 
4 

I 
8 
9 

10 
11 
14 

IS 
16 
17 

Flow Rat, 
m l h r  

4.47 

4.58 

9.13 
5.0s 
4.67 

5.12 
5,52 
5 * 1 0  
5.80 
5.60 
5.53 

58 

Avcr, Uy 
Uti1 i a d  96 Utea Mol. Ratio 
mg/ml Utlflxd &oa/NHg 

6.413 62.6 182.36 
7,20 67.6 lt2,24 

*a fit .2 1a.w 
0.67 01 .s 16.38 
'1.63 71 9 s  Jt2.28 
8.53 80.0 
8.93 04.0 
8.80 84.0 
@*is 83.0 
0.18 8695 

a, I2 
R . I8 
9. I6 
2.39 
4.16 

8 . 9  82.7 12.07 



TABLE 17 

Growth of 8. pasteurii in Continuous Culture - 
Experiment 4 

Age of Culture 
(day4 

Flow Rate 
mIAr 

Ave. NH3 
Produced 1 

mg/mI 

Ave. Ury 
Uti I ired 
f?Q/Wll 

% Urea 
Uti I ired 

Mole Ratio 
Urea/NH3 

1 

4 

5 

6 

7 

8 

12 

13 

6.00 

6.25 

7.20 

7.80 

7.25 

7.15 

7.80 

7.25 

4.38 

4.65 

4.91 

5.22 

5.60 

5.38 

4.76 

5.32 

6.40 

6.49 

8.60 

8.98 

9.08 

9.30 

9 -40 

8.60 

69.8 

70.8 

75.8 

78.4 

80.0 

80.9 

80.0 

78.2 

122.41 

1:2.53 

1:2.02 

12.18 

12.18 

1:2.04 

Id .78 

1:2.18 

I 
2 

Initial urea of inoculum, 0.613 q / m l  

Initial NH3 of inoculum, 5.95 mg/ml 
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(flow rate of 7.5 ml per hour). 

ammonia produced was approximately 0.41 mg per ml of culture per 

hour. 

ammonia produced was SI ightly over 1 :2. 

The average concentration of 

As in the previous run, the mole ratio of urea utilized to 

To summarize the results of the four continuous culture experiments, 

steady state was maintained up i o  7 days at retention times which ranged from 

12 to 13.3 hours. Efficiency of urea utilization ranged from 80 to 84% and 

ammonia produced ranged from 0.41 to 0.49 mg per m i  of culture per hour. 

The solution was buffered at a pH of 9.2 as a result of rhe formotion of ammonia 

CartaOnafs * 

it i s  not surprising that values approaching 100% efficiency of urea 

utilizotion were not attained became, as discussed earlier, chemostatically 

controlled continuous cultures do not achieve maximum rates of g m t h .  

rates of growth are control id by controlling the level of o growth-limiting 

nutrient 

recycling the affluent back to the culture or by operating a rnulti-stage continuous 

culture. The multi-stage system involves a chain of cultures in which the 

effluent of each feeds the next; culture medium is fed to the first stage only. 

Their 

Complete conversion of urea, however, may be accomplished by 

4.6.9 Addition of EDTA to Urine 

The formation of the heavy precipitate in urine caused considerable 

difficulty in the operation of continuous culture as discussed earlier. 

spectrophotometric analysis shaved that the insoluble salts were o mixture of 

calcium phosphate, and calcium and/or magnesium carbonate. 

IR 

Several experiments were performed in stationary culture to determine 

whetber the addition of EOTA to urine would chelate calcium and magnesium ions 

and thereby prevent or reduce the formation of insoluble salts at alkaline pH 

Val uw 
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Experiment 1 

m ~ n e  iini experiment 

effective concentmtion of EDTA, 

study, it was found that the addition of a minimum of 0.15% EDTA 

wos requird to prevent precipitation in sterile urine when the pH 

was increusd to 9.2 with NaOH. 

ctxicsmed '*iJt)i ~t&!h!iirii the 

As a preliminary to the g w t h  

A subsequent growth study 

I (Table 18) &wed thot the addition of this concentration of EDTA 

reduced but did not entirely prevent prodpitation. 

rwpontlble fer an extended lug in growth (4 days), but the final rate 

of ammmla production was not gfgniflcantly different than in the 

control cultursr locking EDTA. 

EDTA wos 

Experiment 2 

in the next experiment, tho concentration of EDTA wus increased 

to OIZ%, since 0,1596 was only partially effective, 

centration of the - B. pasteurti inocuium was examined at 1%, 5%, 
and lo%, to determine whether a larger inoculum would overcome 

the lag perfod and consequently result in more rapid growth. 

19 haws that although no procipitatton occurred, a &day lag 

period rclruited even with the 1096 inoculum. Further, a 5% 

inoculum was the minimum concentration required to produce 

anmonta i n  amounts that compared favorably to the control cultures 

lacking EDTA, 

The cow 

Table 

In v l w  of the toxicity exhibited by EDTA and the high con- 

centrotions required to prevent prectpttation, it dom not appear 

that this approach i s  practical Even if the tocivity could be over- 

come by daption techniques or other moons, the lago weight 

61 



TABLE 18 

Growth of - B. pasteurii in Urine S u p p l m e n t d  with EDTA 

Experiment I 

Tube No. 

1 .  Control ( n o m 1  urine) 5.52 
2.  Centrol (normal urtne) 6.14 
3. 0.1 Q EDTA/IOCkml 5.72 

4, 0.1 g €DTA/IOO ml 5.92 

5. 0.15 Q EDTA/IOO ml 5.76 

6, 0.15 g EDTAAOO mi 5.86 

+I 9.4 

+4 9.4 

+3 9.4 

+3 ?,I 
+2 9 $4 

+2 9.4 

TABLE 19 

Growth of 8. petour11 tn Urine Suppmantd with EDTA 
I 

Expertmen) 2 

1 4.Q2 1.85 1 

2 6.45 i .a9 1 

3 5.82 5.36 5 

1 5.87 5.40 s 
3 5.44 9.50 10 

4 5.44 5.m 16 
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penalty imposed by the requirement for 23 of EDTA per l iter of 

urine would be prohibitive in Q clesed ecofogica! sysfem, 

4.7 Feces Studies 

4.7.1 Production of Hydrogen from Feces 

There are two divergent microbiological approaches that moy be 

considered in an attempt to praduce hydrogen from feces. The frnt m p l ~ p  a 

pure culture of a microbial specie, such at E,  coli, known to metabolize cedetin - -I_ 

carDohydrct63 to yield hydrqen.  

The second approach consists of ustng enrichment procadurn with Q 

mixed sewoge culture and/or indigenous fecal mirroflora. 

core, fr to provide a selective environment which favars the devslopmsnt and 

ultimate dominance of hydrogen-producing organisms, 

The oblect, in t h i s  

Hydrolytic enzymes such as cdlul~s.ct and lipase may contribute to 

bnctederl action by degrading complex organic matorials to slmpior C M ~ ~ O U ~ ~  

psrttculnrly If the uoe of pure cultures ir plannad. 

smpleyad to prrrraat feces for subsequent bacterial metaboiijm mthw tkun used 

rimultantg?ouIily with bocterla, 

fecec ruggmh that the use af enrlchmtrct tschniquos may be CI mere prsmiring 

flplt approach than pure cultwar bacaurs focsr ccrntalnr; v f r t w l ( y  ne low 
molecular wrtght csrbohydratls, A m i x 4  culture offaro the sdwntqo of 

nutritlve baneflctal arrocratlonr In which the mora errmplox earbohydmtcl 

polymon common to focm are drgraded in a ~top-wwlm farhien tea rlmgler, mere 

nutrtlonally avotloble compoundr for hydfcqewpredueing cqonkmi. 

Tke wiaymgs wsdd bm 

An rvuluation of tho organic 5u4stmtm found f~ 

Experlmont 1 

An attempt WQS mado to prduew kydr 

ampleying B rwogr cultuce os the inactrlwrn and prevliding c o n d i t l ~  
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Experiment 2 
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TABLE 20 
1 

Anaerobic Fermentation of Feces-Urine Medium 

Digestor No. 

(ml gar evolution 
at STP, days) 

1 

4 

5 

6 

Final pH 

Initial 

Final 

% Reduction 

Volatile roIMs g/l 
Initial 

Final 

% Reduction 

Total solids g/l 

1 

Experiment I 

fecedurino 

83.0 

291 .O 

291 .O 

326 . 0 

5.9 

49.07 

34.46 
29.90 

42 . 20 

26.07 

36.40 

2 3 4 

Control Control 
fecsr/urino (no fecsrhrine) (no fecedurine) 

90.5 0 0 

257.0 0 0 

355.0 0 0 

374.0 0 0 
5.8 6.2 6.2 

49.07 4.01 4.01 

32.99 3.98 4-06 

32.70 0.75 1.20 

42.20 2.72 2-12 

24.51 1.54 1.56 

42.00 27 -40 26.40 

I Primary sewage u r d  as inoculum 
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Digestor Mo , 

Fecsr-adaptod 
anaerobic inoculum 
(kpW9 2) 

TABLE 21 

Anaerobic Fermentation of Feces-Urine W i u r n  
Experiments 2 and 3 

E. coli inoculum 
-3) 

Glucose Gar Produced Hydrogen CH4 Fino1 
Added b4 Produced Produced pH 

Ym 96 Y a  no 6.1 

Y a  220 YW nQ 6.1 

no 6 trace Y- 6.0 

7.4 

6 3  

4,3 
7,1 

1 

2 
Probable blockage in tube connecting flask with nranometer 

Accidontal contarninatlon of culture with ac id i f id  water 
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although hydrogen-producing organisms were present, unaltered feces 

did not serve as a suitable substrate under h e  Guttural conditions 

used in  this experiment. 

there remains the possibility that glucose encouraged the development 

of a microflora that fermented fecal polysaccharides to hydrogen, as 

well. 

Since the hydrogen yield was not quantitated, 

Buffering at acid values wa5 adequate to suppress methane 

formation i n  the cultures containing glucose but a small amount of 

methane was detected in the culture lacking glucoaa. 

tcperimeni 3 

To complete this series of studies, the previous experiment 

was repeated, using a pure culture of a known hydrogen-producer, 

-- E. coli, as the inoculum. Again, significont amounts of hydrogen 

were produced only i n  cultures supplemented with glucose (Table 21). 

These three experiments itibtstrate the need for biological 

or chemical pretreatment of feces to break down complex organic 

polymers to simple, fermentable substrates, 

my be hydrolyzed to glucose by the enzyme celfuiare. 

For example, cellulose 

4.7.2 Enxymatlc Hydrolysis of Fecal Components 

Both celtulatr and ilpmo were examlnd as potentially useful for 
pretreatment of feces. 

bacterla on feces through breakdown of complex fecal component$. The enzyme 

program wut consfdetably abrevlatd to comply with the December, 1363 decision 

(see Conferences), to terminate studies on feces as CI fusl, 

The, objective was to facilitate action of selected 
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4.7.2.1 Cellulase 

The initiul step in the study was to develop o colorimetric assay for 

cellulase and obtain a sotisfactory calibration curve. The assay developed by 
Sumner (140) is based on the reduction of 3,$-dinitrotalicylic acid by the 

"rducing sugars" released during the hydrolysis of csllulase, 

reduction product imparts a characteristic brown color to the solution, 

The resultant 

Evaluation of commercially available cellulose showed that rducing 

S U ~ O M  present in the preparation interfered with the colorimetric assay procedure 

for cellulose activity. 

sugars from cellulose. Dtolysir of the c t d e  enzyme sliawd remaveil of impurtttso 

to the extont that they could no longer bo detectad, 

The assay i s  dependent on production of reducing 

The influonco of temperature on cellulase activity was studied at 

30, 40, and 5 O O C .  Representative data are shown in  Figure I .  Over 3 hours 

of a $hour observation period, essentially no differences could be observed at 

tho three temperatures; a l l  data were within approximately 5%. 

2 hours, tho 3OOC run lagged the 40 and 50°C runt by approximately 10%. 

sharp decrouso In activity was soen during the first hour's observation. 

break Is believed due to accumulation of products such as cellsbiate and 

glucose. Such inhibition can be overcome by ratairtirig the reactive system 

(onrymo with cellulorle material) in a dialysis membrune through which iw molecular 

wrlght prductr could dlffuse rwdl ly  . 

During the iwt 

A 

This 

h e  of cellulorr with fmcm lr compilcatd by tho brawn eoior of 
f ~ r r  Intarfaring wlth the auoy procdurr. 

charcoal to facllltato array were unsuccwiiul~ 

Athmptr ?a dacalwize f0c.r wlth 

4.7.2.2 LIpatr 

Examlnatton of a c r d a  pancrwtie: llpcrrr praprstlstt rhowed geed 
activity In an c#ioy mct?hsd urlng triacotln (glyceryl trlaastato) Tmtr podormod 
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1 2 3 4 

TIME (HOURS) 
5 i 

Figure 1 

The Effect af Temperature on Csllulore Acttrlty 
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with the enzyme and a mixture of 20% feces In urine resulted in activity 

--meclmkIe +r bk-b s. , :bk b-f--..b?- TL:, --- ---- ~ ? A - - - A  .._- c v I I , p , u ~ ~ ~  v u  I f I u l  v v t t i 1  I t s u b c i l l * ~ .  I I ~ I J  is ~ u i i t ~ u i y  io ~i!eiuiurt: ~epoFis which 

suggest that feces inhibits lipase (13). 

triacetin and with the urine-feces mixture are shown in Figure 2. 

Data for lipase activity both with 

4.8 Electrochemical Evaluation of 8. pasteurii in Urine - 

The feasibility of electrochemical energy conversion systems is  governed by the 

thermodynamics of the reactants. The actual performance of a system depends on the 

electrode kinetics of the cell. 

electrode usually differs markeciiy from the poten!iof calculated from thermodynamic 

considerations; the cell current i s  the algaebraic sum of the oxidation a d  reduction 

currents at each electrode. 

reaction, the cell current i s  the resultcnt of the behavior of perhaps seveml oxidation 

and reduction reactions, under the influence of the potenrial across the electrodes, 

and the ensuing polarization effects. 

For example, the actual steady potential of an 

Since each current i s  a measure of the rate of o particular 

Some cells, which are seemingly simple, exhibit complex performance. The 

obviously complex systems involved ;n bioelettrochemistry may show the effects of 

several simultaneous oxidation-reduction reactions in addition to the ramifications 

from the various types of polarization. 

4.8.1 Half-Cell Studies 

in rhe fint section of this; study the electrochemical behovior of 

systems composed of urine a d  8, pasteurli were observed. 

directly rather than working with simpler systems employing urea because pure 

urea i s  being carefully examined under Contract DA 36-03 SC-90866, This 

study w l i l  be sx+ended, and the conclusions derived w i l l  form the basis for 

the projected optimizarion of bioeieciroehsmical cells utilizing urine and feces, 

Urine was wed - 

The first data obtained, shown in Flgure 3, were for systems containing 

non-sterlie urine with and without 6. pastourif. There was l i t t le difference - 
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N 

0 
0 
v) g 200 

Substrate 

20% feces-urine solution 

6--4 30p  M Triacetin/ 3 ml after reaction - with fec so utiorr 
30p - M Triacetin% rnl 

P 

1OQ 1 2 0  40 (20 80 
TIME (MINUTES) 

Figure 2 

Lipase Activity with Triacetin and Uritre-feces Mixture 
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betwoen the anodic polarizution curves for those two sets of data at potentials 

mer0 positive than 250 mV, The systems bohavd nearly identically 

and the limiting current densities wore tho tame. 
than 250 mV, the curvos are linear and havo difforont slopes, Tho non-aqwl 

sfom in this "Tafol" rq'ion signifia that difforont roact'ions are controlling 

tho mto. This  conclusion w i l l  be tosted in furthor rnoasuremonta. 

In tho socod group of data, rhuivn in Ftguro 4, tho offoct of 

At potenttals more negative 

incubation of tho 8 ,  p t o u r l i  in urino i s  conridord, Horn tho offoct of an 

leehour incubatton woi moaaurod. Indicattons aro that whm tho 8 .  pastourii Is 
fncubotod, highor Ilmltlng curront donrlttw r ru i t ,  but that tho same rmction 

Is roto controlling, as fndicatod by tho wont3ally pamliol Itnear sections of 
tho CUWI. 

- 
z 

It Is appannt that ovor tho ontln curvo the coll with tho 

n 
lncubotod 8 .  pastourit provldrc i nc rmtd  curront for tho ram. potential . For - 
owamplo, at 170 mV, tho cell with lncubatod B, pastourll mrrlad 0.15 &/em', 

D 

whereat only 0.01 mA/cm' was carrtod by tho coil to which - 8 ,  pastoutII had bean 

without Incubation, Tho adwniqo  of allawtng tlmo for tho growth of B. W e u r i i  - 
It apparent, 

4.0.2 Contlnuouc Etoctrochomical Coli Stdim 

A coi l  war constructod for uso In t W w  of tho continuous production 

ef powor from urlno for long p o r i d r  of tlmo, 

matorlal and onorgy balanca data could bo obtdnod for varfour biochmlcal 

tyrtoms undor rtorilo condttlons. 

Tho coll was dalgnod 10 that 

Exporlmont I 

Inttfai trta woro run by malntalning a platintrod platinum 

an& fmmsncrd in the W B I  partwrli eulturo at a comtant potontlal of 
+.t5 V vr tha 8,C11c Thq o d  w m  oprntd for 7 dayr at wrying 
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2 flow rates. A steady current of approximately 0.023 mA/cm was 

maintained for several days. 

about double this value. 

incrcrasinq with increased f e d  roto of urine. Deposition of insoluble 

salts on the electrode caused severo polarlzatlon and mad. it necessary 

to tmninato the run, 

The maximum current obtatned was 

The current was responsive to feed rate, 

Tho probioms crwtod by salt pmctpttatlon noc~1ta t .d  tho 

addttlon ot EDTA to tho urtno drrpttr tho ob)octlons mfsod oarltor, 

It W08 found that currwt denslttrr at on anodtc patontlal of 3.0.15 V 
M S,C,E. woro appraxlmately 0,046 mA/cm I twlco that obtrrvd 

provlowly ln cultutos wtthout eDTA, This actlvlty was mafntalrtod 

for mor. than 4 days. 

2 

Tho Iw currant densftfm oxhlbltd durfng h a o  rxporlmonb a n  
ooml8tont wlth data ob tdnd  undrr Contm~t DA 36039 SC=90866, during 

whloh It was shown that black platlnum la net en ~f faat lve olectrado catalyrt 
for ammonla, Tho maximum current densttles obtolnd wlth black plattnum 

anodrr woro law (3 mA/cm or IOU) and thr perfqrmanco of such oloctrodw 

dMrmod raptdly wlth tlmo bocawo ammonla srveroly poftOn8 tho black 

plattnurn surfaco. 

tho ammonla a d o  lr not, at this ttmo, a f d b l o  approach to produclng 

pmctlml omounh of prwror. 

I 

2 
I 
I 

I 
Conaqurntly, untll a mor. iultablo catalpt can bo found, 

I 

4.8.9 Attachmont of Boctorla to E l o c t d a  I 

4.8.3.1 Compredon-typo Eloctrodo 1 

lmprovrmont of tho potontlal~curront pornmoton of tho 

coll would bo oxpoctd If advantago woro toaken of an e l o c t d o  dwolopd 
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under Contruct DA 36-039 SC-90866. 

current densities could be obtained by confining the biologicai agent at the 

electrode surface, and thus reducing the diffusion path of the electroactive 

species, a compression-type electrode was constrwcted . 
was coated onto the electrode surface by mixing into a thick paste of carbon 

black, urea and resting cells of the biological agent (e. psteuri i)  moistened 

with t r i s  buffer, pH 8.0. Polarization of t h i s  system shwed an open circuit 

potential of -0.14 volt vs S.C.E. and a limiting current density of 1.4 mAlcm 

(Figure 5). 

over that obtained at an ordinary electrode (0.2 mA/cm ). 

results, it appears that the compression cell merits further study. 

Operating on the premlse that higher 

The biological agent 

- 
2 

This represents a considerable increase in the l im i t i ng  current density 
2 

Became of these 

4.8.3.2 Fiitration-Type Electrode 

A preliminary study was performed to examine additional methods of 

A sintered gold electrode was placed attaching bacteria to electrode surfaces. 

in a Siett filter and a culture of B .  posteurii was filtered through the electrode. 

Since the pores of the electrode were smaller than one micron, the bacteria 

were retained largely on the surface. 

onto Urea agar contained in o petri dish. 

of nutrients through i+e porm of the electrode to the surface where the bacteria 

were concentrated. 

of the electrode was covered wi th  a thin film of bacteria. 

immersed in  water and gently agitated with magnetic stirring. 

bacteria began to slough off the electrode until, after several hours, no visi ble 

growth was evident. Microscopic examination of scmpingt frwn the electrode 

surface revealed some bacteria, but these ware only a fraction of the number observed 

before immersion in water, 

technique for initially attaching bacteria to the surface of an electrode appears 

to be fWdble, further studies w i l l  be required to retain the organisms on the 

- 
The electrode was then placed directly 

This procedure permitted diffuaion 

After a 24-hour incubation period at 30"Ct the surfuce 

The electrode was 

The film of 

There results demonstrate that although this 

76 



i 
tt! 
Y 

\ 
Q 

\ 

B 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 



eiecirode in an aqueous environment, particuiarjy i f  agitation i s  present. 

One approach would be the use of some conductive material which would 

firmly adhere the bacteria to the electrode without interfering with diffusion. 

5 4.9 Electrochemical Control of 

An exploratory program was begun late in the program to determine the 

feasibility of using an anodically polarized electrode along with oxygen in an 

activated sludge culture to "poise" the redox potential of the solution at oxidizing 

values (positive) independent of oxygen transfer rates, 

A signifltclnt portion of the power requirements in +he activated sludge process 

i s  wed for agitation involved in maintaining oxyger saturation of the waste materials, 

Approximately IO times the oxygen actually metabolized by the microorganisms during 

waste degradation i s  fed to the waste materials for this purpose. 

Without expenditure of this oxygen to malntain oxidizing condittons, the 

efficiency and quality of the waste treatment i s  much poorer due to the ability of the 

microorganism to metabolize in the absence of oxygen by anaerobic pathways, 

metabolism i s  slower than aerobic metabolism and yields by-products which a re urr 

desirable in a closed system. 

less power-comuming maintenance of aerobic conditions can be effected by electnr 

chemical means. 

Anaerobic 

It i s  contended that much more efficlent and consequently 

It i s  probable thot small quantities of a redox modlator, such as methylene blue, 

w i l l  be required to old i n  contacting the electrode with the solution. 

As the first step In thls study, a test cell was designed and fabricated for h e  

purpose of examining the influenco of an anadically polarized carbon electrode on 

the metabolism of the yeast, Saccharomyces cerevlrae. 

was to  determine whether yeast could be prevented from metabolizing anaeroblcally i n  

the absence of oxygen by electrochemically maintaining or poising the redox potential 

of the medium in an oxidizing region. 

The object of the experiment 

Yeast was selected as a test organism because 

70 



i t  metabolizes both aerobically and anaerobically but produces ethanol only anaerobically. 

Thus, the yeast cu!ture could be grown aerobically w i th  glucose, placed in an anaerobic 

anode comportment of the cell before the nutrients were exhausted, and examined for evi- 

dence of ethanol production while the redox potential of the culture was being maintained 

at oxidrztng values by a redox mediator maintained at a fixed potential by the carbon 

anode, the lack of ethanol production under these conditions would constitute a success- 

ful first step in this study. 

A cell was constructed but, unfortunately, due to the late introduction of this 
study in the program, time did not permit obtaining any significant results. 

4.10 Experfmental Ptecedurat 

4.10.1 Sources of Urine and Feces 

Urine and hcos for this program wero obtalnod from voluntoon, 

Magna Corporation male contributors were asked to consume a simufatod spaco 

diot currontfy under study elsewhere (141) The principal feature of this diot 

was omission of raw fruits and 

PermnnetI on otherwise specia 

asked not to contribute. 

A total of approx 

vegetables, which are abundant In celluloso. 

ired diets or who were taking medications wore 

mately 20 gal of urlno and 30 lb of foces was 

collectod. Both were frozen Immediately after collection. At tho clom of 

the colIoction program, tho urlnr was thawed and mtxod, distrlbutod in apprwl- 
mately half..gallon lots, and refrozen, 

The procduro u r d  to process feces conslsted of freezedrylng the 

feces without thawing, breaking the freeze-dried material down to a powdw 

In a Waring blendor, composfting and storing undor nitrogen in a refrigorator, 

A Thmovac Freoza-Dry Apparatus, Modal FD-3 (Thermovac In- 

dustrlos Corp, , Copiague, N.Y.)  wa8 used to lyoph1Iiro the fecos. Lyophiliz- 

ation was considered to tie the most suitable method of protecting tho com- 

pomnts of feces from biologlcal dcgradatlon for prolonged periods, 
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The lyophilized feces composite wes stlbmitted fer c?na!ytis to T:~esc!ail 

Laboratories, Inc., 4101 N. Figueroa St., Los Angeles 65, Calif. The results 

are shown in Table 22. 

high since this value was obtained by difference, not analysis. Similarly, 

"protein" was derived from nitrogen content only and not by actual protein 

analysis. 

Note that carbohydrate content is deceptively 

TABLE 22 

Analysis of Cornposited Feces 

.!histwe 

Cellulose (crude fiber) 

Total protein (n x 6.25) 

Total lipids (ether extract) 

Carbohydrates (by difference) 

Ash 

Total invert sugar before inversion 

Total invort sugar after inversion 

2.57% 

3.34% 
34.33% 
18.096 

29.26% 

12.50% 

2.12% 

2.12% 

Hydrolysis was used to determine lipldr 
and sugar after invenion 

4.10.2 Sources of Cultures 

Sarcina ureae - The National Collection of industrial - 1. 

Bacteria, Aberdeen, Scotland (No. 8691). 

Micrococcus urme - - Tho Institute for fermentation, 

Osaka, Japan (No. 3767). 

Lactobacillus bifidur w r .  urdyt icus - Dr. R. N. 

Doetsch, Univorsity of Marylond, Md. 

2. 

3. 



4. 

5 .  

-* Brevibocieriurn arnmoniagenes - I ne Naiionai Coiieciion 

of Industrial Bacteria, Aberdeen, Scotland (No. 8143). 

Bacillus parteurii - The American Type Culture Collection, 

Washington, 0 .  C. (No. 11859). 

4.10.3 Screening Program-Ureolytic Organisms 

Sarcina uroae 

Urea broth conslrtod af Difeo nutriont broth, IO g; Difco 

yeast extract, S 8; di r t i l ld  water, I l l t r r ,  Aftor coollng, 100 mi 

of 20% uroo (fi l ter-rteri l ird) was addod. Final pH war 8,O. Tho 

m d u m  was inoculatod with a 196 Inoculum and culturod aoroblcolly 

and anarr&ltally at 30°C for 24 houn. Turbldlty (opttcal donrlty) 

was mrncurad in a Bockman OW cpoctrophotomotor urlng Incldont 

light of 660 wavdongth. Growth (OD660 0.95, 114 dtlutlon) 

and ammoda praductlon as evldeneed by odar occurrad only In tho 

aerobic culture 

Uroa breth agar platw ware rtruakod wlth a culturo of 

S. urea* and incubated aeroblcally at 30°C and anaeroblcaliy 

under hydrogen gas in an anaeroblc jar for 24 hours. 

was ovident only aerobically. 

-- 
Agaln, growth 

Mtcrococcus uroaa - 
Tho bacterium was rrcr lvrd a8 an agar slant culturo 

and inoculatod into Uroo broth; ouhquent growth W Q ~  ttroakod 

on to Urea broth agar plates to dotsrmlnr purlty, slnce tho rlant 

appeared to be eontomlnatod. 

obsorvod, Isolated coloniea woro p lckd ,  Inoculated Into Urea 

SevwuI typoa of colonlos woro 
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broth and growth was again streaked on to agar plates, 

this procedure war repeated several times, isolation of M, ureae was 

not achieved. In fact, even the original contaminated culture did 

not exhibtt uteolytic activity. 

Although 

-- 

Lactobacillw bifidur var, ureolyttcut - 
The bacterium was rubculturod repoatedly anaerobicat l y  

at 37OC in the following mdlum bared upon the rocipe used by 

Gibbons and Doetrch (43); Difco yeast extract, 3 , O  g; DIfco 

nutrient broth, 10.0 g; K2HOP4, 3,O g; KH2PO4/ 3.0 9; g l u c ~ l ~ ,  

5,0 9; Na2C03, 3.0 gj reuazurfn, 0.001 g; rodtum thioglycoliate, 

1.0 gj d l t t i l l d  wator, 1 liter, 

addod to tho cwlad basal modium; ftnol pH, 7,0, 
growth occurred wtthln 24 houn but tho odor of ammonia was not 

dotoctod. Culturing in ( I )  same modium containtng 2096 urea, 

(2) Urea broth, and (3) urine fatled to rtimulato uteolytic activity, 

3,O 0 urea (ftltorrteriiized) war 

Exceltent 

Bacil Ius parteurt t 

Cultures were grown in Urea broth as doscribed earlier 

for S.  urea., After 24 hours incubation, the ODw of the aerobic 

culture war 0.38 (114 dilution) compard to 0.12 (114 dilution) with 

anaerobic growth. The odor of arnmonla war rtrongly evident in both 

culturu. With anaerobic growth in urine, the odor of ammonia war 

wtdent aftor 24 hours. The concentration of urea war reducod 

from 9.0 mg/ml to 0,24 mg/ml, a decrease of 97,3%, 

-- 

Brovlboc tor turn ommonlaponoa 

Anaarobto and aaroblc growth studlu wlth Urea broth and 

urlno worm porfomd In a manner dmtlor to that dmcrlbod for 
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and the cutturer incubated at 3OoC, 

production was noted after 24 hours aerobic g rw th  inUrw broth but 

not until from 48 hours to 5 days under anaerobic conditions, 

After 5 days anaerobic growth in Urea broth, tho concmtratlm of 

u rw was reduced from 18.5 mgi’ml to 11.65 mg/rnl, a decmse of 

37% q 

Good growth and ammonia 

Ursolytic activity was observed after 48 hours of 

aerobic grawth in  urlns but not until after 6 days of anaerobic 

growth. In the anaerobic urine culture the concentration of u r n  

was reduced from 10.75 mg/ml to 5.8 m g h l ,  Q decrease of 46%. 

4,10,4 Optimlzation of Ilreolytic Activity 

4,10,4,1 Anolytfcal Whdr 

A 1% Inoculum of Q cultureof B, postourti was addad to50 ml of 
111 

urine containing 0.1% arcorblc acid. The lnlttal pH was udiusted to 8.8. 
Tap ml elIquotr of the Inocuicltd urlno wleref ditpansd into 3 IZS-ml Warburg 

rrnpiromefsr flasks, Mercury was u s d  as the manometer fluid, Appropriate 

precautions wore taken to provent contamination. The flwkr were evacuated 

and flurhd with h.liumwklls being agltatsd In Q 30°C water bath, After 

tha flasks wero flurhad for 30 minutes, the manorneten weto adfurted to 

atmosphsrlc pressure and the flasks ware lncubatd for 4 days. 

Tho Warburg rmpirometen were not eallbroted and, themfore, 

approxlmate K values were u r d  b a r d  upon prevlous calibrations, 

4 , l O A . Z  Storage of Urinu 

Anaoroblo growth of fresh, refrigcrtwtd (4 days), and thawed froaen 

urine fr- the sam4 d0nor was compared. 0.1% ascorbic add was d d d  to 



all iiiliie. The pH ~ i i t  d i ~ d  ts 8.4 a i d  Q I"% i t s ~ ~ i i l i i t ~ ~  of B. psteurii - 
was u r d .  

incubated at 3 0 O C .  

Duplicate Wml screw cap test tubes were filled to capacity, and 

4.10.4.3 pH 

DuplIcato 3 0 4  scrow cap tost tubu w o n  flllod to capaclty wlth 

urlno (0.1% ascorblc acid) Inoculated with 1% inoculum of 0. pasteurii, 

Tho lnitlal pH of dupllcato cultures was odjustod to pH 7.5, 8.0, 8.5, 9.0 
and 9.5 wlth NaOH and incubated at 3 O O C .  

- 

4.10.4.4 Temperuturo 

300 ml urine contdnlng 0.1% arcorblc acid was lnoculatmd with I% 
d a culturo of - B. pari+ourll. Tho pH WQI dlutod to 8.6, Dupltcate 30.ml 
w o w  cap tubos woro fllld to capacity a d  Incubotod at 25, 30 and 3 5 O C  for 

24 hours. 

4,10.4.5 Wtamlru 

Tho bad medlum conslrtod of urlne (O,l% ascorblc acld), pH 8.5. 

Nlcotlnic acid, thiamirmhydrochloride and biotin wero oddod to the basal 

m d l u m  to produco tho following final concontratlons of the r.rpoctive vitamins 

In urfw: (I) nicotinic acid (0.5 gg/mt), (2) thtomin hydrochlorldo (0.5 gg/ml), 

(3) biotfn (0.1 m pg/ml), (4) nfcothic acid (0.5 pg/ml), and b i d n  

(0.1 m ug/ml), (5) nicotinic acid (0.5 m/ml) and thiamine hydrochloride 

(0.5 &ml), (6) biotln (0. I m idg/ml) and thiemlno hydrochlorldo (0.5 m/ml), 
(7) nlcotlntc acid (0.5 w/ml), thlamlno hydrochloride (0.5 gg/ml) and biotin 

(0.1 m pglml). Tho control contalnod no addd vltamtw. Dupllcate W m l  

acrw cap tost tuba woro ftllod to capacity wlth tho wrlous modla preparations, 
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... ? r  .vi&..  t 1% I i ~ ~ ~ . > f f i  t f  J ciittiiia af - 8. piirtciiitl ail4 , i rcuhis~ 

30°C. 
Rechestor, New Yo&; blotin from Caltfornla Corporation for Biochemical 

Resoarch, Lor Angeloa, California; thtamtno hydrochlorido from Htll Drugr, 

Amholm, bl i fomIa. 

The nicotinic acid was obtain& from Eartman Organic Chemicals, 

Exporlment i 

4,10,4.6 Addttfon OT Urw to Urlne 

b<poriment I 

100 ml aIIquota of urino containing 1.4 (normal urine) and 

3.1% uroa and 0.1% ascorbic acld wore inoculatod wlth I% of a 

culturo of 6. pactourlt . Urtna woa rupplomontod with flltor 
ctorlIIrod ut#, Tho pH war odlwtad to 8.5. W m l  scrw cap 

tubas w o n  flllod to capacity and Incubatad for 24 hours at 30%. 

- 

t<pwlmnt 2 

100 rnl diquotm of urtne contotnirtg 1.0 (normal urtno) 

1.9, 2.7' 3.5 and 3.9% uroa and 0,196 oscarblc acld won Inoculotod 

wlth I% of a culturo af - B. portaurlt. 

ftltor=sterlllzad woo. Tho pH WOI o d l w t d  to 8.6, 301ml 8 c W  

cap tuba wero f l l lad  to capclty und Incubutod for 24 houn at 

30°C. 

Urlno was rupplomontd wlth 

4,1014,7 Addition of Focoa to UrIno 

Tho modia were proporad by addlng 4, 20 and 50% froron 

whole focm (by wotght) to f l I te r r to r t I l rd  urtne, Tho feces wos 



sterilized by autociaving. The media were inoculated with 1% of 

a urine-grwn culture of 8, pasteurii and the pH adjusted to 

approximately 8.5. 

filled to CapacIty with the inoculatod media and incubated at 

3OoC for 7 days. 

- 
Duplicate 3&ml screw cap test tuber were 

Experimnt 2 

The modium consisted of sterile urine to which waa dded 

I ,  5 and 10% lyophilized feces (by weight). The feces was 

s tor i I i rd  by autoclaving, 

a urlnecgrwn cultun of 8. pastqur,li and the pH adjwtod to 8.8. 

Control cultures were idontical but lockod focsr. 

r c r w  cap toat tubes woro fillod to capucity with tho inoculatod 

modio and Inaubotod at 30°C fsr 4 days. 

The medium was inoculated with I% of 

- 
Duplicate 3 6 m l  

EKporlmrnt 3 

The procedures woro Identical to thoro in  Exporimont 2 

with tho oxcoptian that tho Inoculum conrlrtod of a culture of 

8 .  partourif which had boon subcultutod 5 timar In a 3% faces In 

urine modium. 
- 

1.10.4.8 Contfnuour Culturo 

Thr continuous cultun appamtur Is Illustmtd in Flguro 6. 

urine WQI fod Into tho growth vrosol by maam of B Horwrd Infur1on-WithdnrwoI 

pump, Modo1 6001950 (Harwrd Appamtua Company, Inc. , Devor, Momachuratk). 

Tho cop~cl ty  of tho gruwth vasal war 100 ml and tho cultuto WQR mlxod with 

a magnotic rtlrrlng bar placed on tho bottom of tho growth v m o l .  
v ~ e l  W08 1rnrnm.d In Q rwdrculatlng conatant tmpra tu ra  water both matw 

t a l n d  at 3VC. 

Storllo 

Tho g w t h  
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Samples of culiure~ for urm aiid mmonia analyses were coi iectd 

directly from the g rw th  vessel by means of a sliding glusa tube which waa 

held above the liquid line when not in service, In Experlment I ,  howevor, 

samples were collected from the overflow. 

The scrubbing device consisted of a I "  x 1/2" rectangular pad of 

polyurothane that contained a magnetic stirrtng bar in  th center. The 

acrubbor waa malntalnod inrido the growth vwael, abovo tho cultwe, and 

rnantpulatod from tho outride wlth a hormhoo magnot. 

4.10.4.9 Addltion of EDTA to Urino 

Exporlmont 1 

Storilr urfno contalnlng varlow amounts of EDTA 
(disodium othy1oncldlamlnet~mocotato) WQI adjurtd to pH 8.2 
with NaOH. It waa found that the odditton of 0.15% EDTA 
complotrly prevmtd tho charactrrlatlc pnclpltotlon whlch normally 

OCCUR at thlr pH, Aa a r r u l t  of thew tab, urlno contulnlng 

0.10% and 0.15% EDTA waa i twculatd wlth I% of a - 8 ,  paatmurll 

culture and dtspend Into 30-ml w o w  cap tub-, Centrolr w e n  

ldontlcal but lackod EDTA, Tho cu1tur.r woro lnoculatod at 30°C 
and inapactd dally for tho odor of ammonla, 

Exprlmont 2 

Aliquetr of urine wrro ~upplomontd wlth 0.2% EDTA, 
Inoculated with a 1,  5 and 1096 tnoculum of - 8, parteurll and 

dirpenaod Into $up1 lcate 3 6 m l  ~ c r w  cap test tuba I Control 

cu l tum woro Inoculatod ldontlcally, but l o c k d  EDTA. Tho final 

pH was 6.8. 
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4.10.5 Feces 5iw'ies 

4.10.5.1 Hydrogen Production from Feces 

Experiment 1 

Trwtod sewage was obtaalnod from the Orange County 

primary rwage troatmmt plant at Huntlngton Beach, California, 

Thracliter macrorespirometen (Figure 7) were used as digatom. 

Digestion flasks contained 200 ml  of inoculated mdium prepared 

from 100 ml potassium acid phthalate-NaOH buffer (pH 5,0), 

25 ml sterile urine, 5 g heat-sterilizd lyophilized feces and 375 ml 

treatod swage, 

mdlum proparod from 100 mi potasalum acld phthalate=NaOH 

buffar (pH 5,0), 25 ml sterlla dlrtllld wator and 375 ml traatod 

rwaga, Tho pH of both cu l tum wa: adjusted to 5.5, Flasks 
were owcwtod and flushed IO tlmm wtth hrlium to dltploco ah. 

Monomoten woro fillod to capacity wlth acldiflod water, The 

dlgwton wore lncubatd at 30.C wlth shaking for 6 days, Total 

and volatlla solids were datermlnd on orlglnal and flnal cul tum 

by standard mothods (142). 
motrlcally and tho gor phase analyrod urlng a Beckman GC 2 
gar chromatograph, 

Control flasks contained 200 ml of inoculated 

Gar ovolutlon was moarurod manol 

Exp.rImont 2 

Tho focw-adaptod rowago culturo war obtalnd from 

Dr, C. Goluoko, Sanitary Englnowtng Rematch Laboratory, U n l r  
o d t y  of Callfornla, Berkoloy, Callfornla. I50 ml of the cultun 

was addod to 40 mi potasslum acld phthalateNaOH buffor (pH 5.0), 
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i0 mi sieriie urine and 16.6 g i)oa+sierilizw iyophi i izd feces. 

50 rnl of t h i s  mixture were dirpemed into three 250-mi macro- 

respirometers. 

the 3 cultures. 

meten worm ovocuatd and flushod IO timer with helium and 

incubatod at 30°C. 
the gas phaso was analyzed by moans of gar chromatography. 

0.5 gm f i l ter-stori lhd glucose was added to 2 of 

F i n a l  pH was adfusted to 5.8. The macrorespiro- 

Gas evolution was m m w d  manometrtcally and 

Exporimont 3 

The modium consisted of 100 ml sterilo potassium acid 

phthalatcNaOH buffer (pH 5.0), 100 ml sterile urine and 20 g heat- 

stori I izd Iyophilirod focm which was Inoculatod with 2 mi of an 

anaoroblc eulturo of -- E. colt grown for 24 hours in Dtfco Heart 

Infurlon Broth. 50 ml of tho tnoculatod modturn was dtspeneod into 

oach of two 250.ml macrorosplmoten, Two culturos containod 

0.5 ml f l l t ~ r r t ~ r l l i r o d  glucoco. FOnal pH war 6.8, Subsquwt 

procodunr woro idontlcal to thoro doscribed In tho p r o d i n g  

oxporimont . 
4.10.5.3 krrymatto Hydrolyrlr of focal Compononh 

1 ,  Coilulma 

A rtandard curvo wac p r o p a d  w l q  gluooro aolw 
HOn, contalnlng welghod omounh of glucmo from 0,05 
m g h l  to I .O q / m l  

ratlrfactory IInoar rolationrhip botwoon optloal drmlty 

and glucmo concontratlon In tho rango of 0,I mghl to 

the data obtalnod gavo a 
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1.0 mg/ml. 

mg the absorption (at 540 mg) of the developing compound 

(3,5-dinitrosalicylic acid) was greater than that of the 

brown reaction product. 

However, at concentrations lower than 0.1 

A preliminary assay of the crude cellulase prepam- 

tion (Nvtrit ional Biochem ica I Corporation, CI eveland, 

Ohio) indicated that i t  possessed some cellulase activity 

(0.08 mg glucose/hr/mg dry enzyme prep.) and a fair 

amount of reducing sugar contaminants. The zero time 

sample taken from the cellulose-cellulase reaction mixture 

( o m  ml c$!u!ose solution) gave a color equivalent to 3.0 
mg of glucose. 

cel lulose solutions clearly demonstrated that the reducing 

compounds were contained entirely i n  the cellulase 

prepamtion. 

cellulase solution indicated that there was slightly less 

A check of both the cellulase and 

A protein (143) determination (Lowry) of the 

than 0.1 mg protsidmf. 

Dialysis Procedure 

100 mg of the crude fungal e l  I u lase reparation 

(N.B.C.) was suspended In 50 mi of distilled water, 

solution was placed into cellophane dialysis tubing and 

allowed to remain in 0.01 M phosphate buffer, pH 7.0 at 

O°C for Q period of 16-18 hours. The enzyme solution 

was removed from the dialysis tubing and diluted to 100 

ml with cold distilled water. 

This 

- 

Temperature Study 

A 1% solution (w/v) of carboxymethylcellulose 

(Hercules Cellulose gum 7 HP) was diluted with 20 ml 
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of Mcllvaine buffer solution, pH 5.0 and 60 ml of 

dist i i ld water. Nine mi of this soiution was added to 

each of 5 tubes. Each ret of 5 tuber was placed into 

a water bath of the appropriate temperature (SO'C, 4OoC 

and 50'C) and allowed to qui l ibmte. To each tube one 

ml  of the above mentioned enzyme solutlon was added and 

the mixture was well agitated. A zero time sample (one 

ml) was removed immedlately from one tube and the amount 

of reducing sugar determined as described previously, 

Samples were taken every hour thereafter from a different 

tube. Five samples werq taken in  a l l  The amount of 

reducing sugars (glucose and cellobiose) present were 

determtnd by referring to a calibration curve (0 .D .  vl 

glucose concentration) as described previowly. 

2. Lipase 

Lipase Assay 

The lipase auay MOL i s  a manometrtc method described 

in the litemture by Wllls (108). In those experiments 

whore triacetln (Eastman 256) servd as the substrate, 

0.85 mi of 1.0 - M NaHCOj, 0.1 or 0.05 ml of .nzyme 

tolutfon, and water (to make a total volume of 3.2 mi) were 

addod to the main compartment of the Warbug f l d .  

Tho trlacetin (neutralizd)iolution (30 to 50 y M) was 

added to the side bulb and wag ttpped In to start the 

reaction, 

wag used as the substrate, the lipase solution was t i 4  

In to rtart the reactfon and the feces solution (1.0 mi) WQI 

add4 to the main compartment along with the MHCO3 
solutlon, 

- 
When the 2096 feces ( w h )  solution (In urine) 

In both cam, the Warburg cup were purged fbr 
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4.10.6 

4,lO.O.l 

15 minutes with 100% COz. 

and the 100% CO atmosphere buffered at ptl 7.4. All 

manometric assays were carried out at 37OC. 

This concentration of NaHC03 

2 

Llperso Solution 

One hundred mIlltgrams of crude pancreatic lipase 

(Lipase 448-N .B .C.) was suspended in  IO ml of 

d l r t i l l d  water, placed In a cellulose dialysis bag and 

dtalyzed against 0.01 M phosphate buffer, pH 7.0 for 

18 hours. 

(doc) contrifugatlon and the enzyme solution stored at 

4OC. 

colorimetric procedure. 

- 
Particulate material was removed by cold 

Protein concentration was determined by the Lowry 

Fecas-Urine Solution for Lipase Experiments 

Twenty grams (wet weight) of whole feces was 

r t o r f i i d  by autoclavtng In the container section of a 

Waring blender, 

sterilized urine was added and the mixture blended for 

IS  minutes. The pH of the mixture was adjusted to 7.4 

with 0.1 - M NaOH and then stored at 4OC In a sterile flask. 

After cooling, IO0 ml of filter- 

Electrochmical Evaluation of - 8, parteurii In Urine 

Half-Cell S t d l Q s  

The holf-oalle wore 500-mI, five-neck flasks, repamtad by a 

oatlon mmbruna. The eatholyte war 0.1 N KCl and the cathodm WOI 
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platinized platinum, 

conditions were maintained by a nitrogen purge. 

controlled. 

placed in contact with an agar bridge immersed in the urine. A constant 

potential between SCE and anode (platinized platinum, IO cm ) was maintained 

with a potentiostat. 

was positioned so that both faces were parallel to the current flow through the 

membrane. 

membrane). 

The anolyte was stirred with a Mag-mix and anaerobic 

The temperature was not 

The potential was obtained with a standard calomel electrode 

2 

No buffer or other solutions were used. The anode 

The agar bridge was positioned behind the anode (away from the 

An internal resistance at 175 ohms was found. 

4.10.6.2 Continuous Electrochemical Cell Studies 

The call design, shown in Figures 8, 8A and 88, consists of 6 
sepamte par ts .  

rubber tubing. 

boiryr designed in  the shape of an L with on "0" ring joint (65140) at the top 

and side. 

of 40 mm (1-9/16"). 

clamped between the two half-cells to tepamts the electrolytes. 

design i s  such that the membrane has o greater diameter than the electrodes, 

permitting the two electrodes to face each other directly. 

mlnimizos the distortion of the current flow in the cell. 

The glass tubing has been fitted so as to minimize the um of 

The anode and cathode half-cells are essentially idontical, 

When assembled, they fom a 11 cell having an internal diamoter 

A membrane (cation, Nepton CR-61, lonics, Inc.) i s  

The 

This arrangement 

The test and auxiliary eiectrodsr are perforated platinized 
2 

platinum foil with a calculated area of 17.7 cm , They are spaced 4 inches 

aport. The intarnal resistance with a urine anolyta and a I M KCI catholyte 

has been measured at 24 ohms. 
.I 

Since the reference electrode i s  a saturated calomel electrode 

which cannot be sterilized, a glass tube containing an agar solution is used 

to provide a bridge between the reference electrode and urine solution. In 

normal operation, the capillary tip of the bridge i s  positioned near the 
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surface of the anoiyie so as io  minimize diriurbonce a i  curreili distribut;on, 

During sterilization, the bridge is  lowered until the capillary t ip  seats into 

a rubber sealant (Silastic RTV 731, Dow Corning), in a sealed glass tube at 

the bottom of the anode half-cell. This prevents the agar solution from draining 

out of the tube when it becomes liquid during sterilization. 

The upper part or cap of each half-cell i s  clamped to the top 

"0" ring joint. 

thermometer, the test electrode, and the agar bridge, by using glass tubing 

through whlch each can be inserted. The cathode half-cell cap has openings 

for an auxiliary electrode, for purge gas (used to dilute and purge hydrogen us 
well as for agitation), and for liquid feed. 

In the anode half-cel I, provision has been made for a 

The vent tube in  the cap of each half-cell i s  plugged with 

sterilized cotton. An overflow tube in tho bottom of the half-cell i s  connectod 

with rubber tubing to a continuation of tho ovorflow In the vont tube, 

operation, the flask which has been clamped to the vent t h o  to collect the OVOP 

flow ts thus cross-pressurized to the half-cell, and both are sealed from direct 

contact with the atmaphero by the sterlle cotton plug. 

During 

The anode half-coli Is heated and agitatod by use of an agitation 

chamhr conristlng of two ports. 

be connoctd to an Inlet In the anode half-cell 

ventd to the anode half-coli and contains a return Iino for recirculated 

anolyte, 

to c0n)actiq the electrode, The recirculatod anolyto p0u.r over a glass 

coil through whtch water contained at a constant tmpomturo la clrculotd. 

The total volume of anolyte 1s 215 ml ( f  5 ml). 

The bottom part has a side outlet whtch can 

The uppor part is  

fresh urine Is fed Into this reclrculation chamber for mfxing prior 

Fresh anolyte i s  fed to the cell by means of a Sigma pump equipped 

with a calibrated Zero-Max variable sped drive. The unit was modified by 

inrorting a spoed reducor (Ailing-Lander, SO/l) between the Zero-Ahx and 

pump. 

i s  connected to the agitation chamber through a three-way stopcock. 

A flow rate of from I to 42 m l h r  can be obtained. The f e d  tube 

A 
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fungal i s  also prsvidd as an in*egml part of the f e d  !!ne fer  sterl!e !!qcih 

which may be required during operation. The feed tube connects to the feed 

flask by means of a ball joint so as to facilitate changing feed flasks without 

undue interruption of flow or chance of contamination. 

Both half-cells are equipped with sample ports and drains stoppered 

with rubber serum cap. The cells have legs made of glass rod so that when 

assadled the unit stands Iovrl.  In practice the assembly i s  wired to a board 
to which is affixed alumtnum rods so that clamps can be used to take the weight 

of tho overflow flasks, 

The entire assembly, using sealed caps in place of overflow flasks, 

can be sterilized along with the rubber feed tubes. 

board containing the assembled apparatus i s  mounted a+ a sufficient height to 

pormlt the overflow flasks to be properly placed below the cell assembly, 

After sterilization, the 

A constant temperature bath is employad to maintain tho cell temp- 

emturo at 30 i 0,SOC. 

Experiment 1 

The cell was sterilized by autoclaving, purged with 

sterile nitrogen and filled with flltersterilized urine, 

of contamination was observed aftor 2 days incubation at toom 

temperature. The pH was thon adjusted to 8.8 with sterlle NaOH. 

A current of 0.5 t o  0.20 mA (0.ooSS to 0.0113 mA/cm ) was 

&served over a 20 minute perlod at + 0.15 V (SCE VI anode), 

The urine was inoculated with a 1% culture of 6. parteurii and 

Incubated at 3 1 O C .  After 2 days incubation, ammonia was evident. 

At this time, the anode potential (open circuit) VI SCE had dropped 

to -0,244 V and the pH increased to 9.2 An initial current of 

2.0 mA at + 0.15 V was obtained which rapidly dropped to 0.8 mA. 

After 4 hours, the current had dropped to 0.6 mA where i t  held 

during the romainder of the day. 

No evidence 

2 

- 

The flow rate was approximately 
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i4 mi per hour. 

overnight and by the next morning the current had dropped to 0.44 
mA. When the flow rate was increased to 30 ml per hour, the current 

increased over a 24-hour period to 0.56 mA. "he flow rate was 

decreased to approximately 9 ml por hour which resulted in a steady 

current of 0.40 mA over a &day period. 

remained at 9.2 during the test period. The cathoiyte (I .O N KCI, 

pH 9.3) ,  upon analysis, was found to contain ammonia indicating tint 

ammonia ion had diffused through the cation membrane, 

the culture removed from the cell at the end of the run and analyzed 

for ammonia was found to contain 5.9 mg NH3 per mi, indicating 

good bactorlal activlty. 

Ihe fiaw rate was reduced to 5.6 mi per hour 

The pH of the culture 

A sample of 

Experiment 2 

Sovorol madfficationa wore introduced, The cation 

mombrano was roplacd by an anion mombrano to prevent diffusion 

of ammonlum ion. A device for accuratdy measurine flow rate 

was installod (Flguro 9 ). 

Tho cel I was preparod for elacttochemical meosurments 

as docribod abovo, with the exception that 0.2% EDTA was addod 

to the culture, The fnitial open circuit potential of the anode was 

-0,2M V vs SCE. At a curront Iwrl of approximately 1.0 mA 

(0,056 mA (em )) mainta1n.d durfng tho &day tat portod, tho 

onodo polartrod to +O, 15 V va SCE, 

2 

4, 10.6.3 Attochmont of Bootarla to Eloatroda 

Tho compraslon-typo doctrodo waa oanrtructod aa shown in Flguro 

IO, Tho carbon anodo was coatod wlth a thtek pcllto containlng 500 mg of 

101 



CI, 

f 
f 
0 

f 

F 
L- 

. M  a W u 



3 r 

ai, 

x 

i! 

0 
C 

P, 
.- 
3 c 
0 
P) 
Gi 
9, a x 

P, 

f 
Y 
0 

c 

E r 
0 



1 PCI carbon biack, 50 mg of piatinurn biack, iO6 mg of urea, ana 3u mg of 

_. 8.pasteurii (wet weight), mixed with sufficient tris buffer (0.1 M, pH 8.0) to 

make a paste. A cation-exchange membrane (lonics, Nepton CR 61) was 

placed between the two electrodes. A glass tube, drawn to a capillary at 

one end and filled with saturated KCI in agar, was inserted into the anode 

paste and served as a solt bridge to a calomel reference electrode. 

entire cell assembly was placed under pressure by turnlng a screw on the back plate, 

thus assuring good contact between the membrane and electrodes. 

tlon measurements were made as described in Sqctlon 4.10.6.1. 

The 

Polariza- 

5 4.10.7 Electrochemleal Control of 

The cell constructIan for study of tho olectrochemical control of 

5 Is represented schematically in Figure I I. 
an anode compartment, a cathode compartment and a center comportment. 

Tho compartments are separated by membranes to prevent interdiffusion. 

anode compartment, tho compartment of interest, contains a probe to 

measure the E,, of tho solutlon conrfstfng of a platinum electrode and an agar  

bridge leadlng to a reforonco electrode, an anodically polarized carbon 

oloctrodo, an oxygen renrlng electrode (MPgno Corp, , Santa Fe Sprfngs, 

California), and a gas purgo, 

It consists of three compartments, 

The 
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5 .  CONCLUSIOM 

The maximum energy available from human wastes i s  approximately 74 

watt-hours per man-day's output, 64% of which i s  derived from urea in urine. 

fieurer are bored upon ( I )  converting urine and fecal nitrogen to ammonia, (2) 
converting fecal polysaccharldea to hydrogen, and (3) using these as electrochetnical 

fuels with an oxygen cathode. 

Thew 

The literature search Indicated that the conditions required for efficient utilircr 

tfon of urtm and feces as electrochemical fuels are not compatible wi th t h e  for waste 

purificatlan. 

doctroactfve chrmlcais rlnce W Q S t r t M 9 t m W t t  pracsues ware a soeorrdary tonoidmr- 

tlon in fist0 studlsr, 

I d  ta the productlon of ammonia from urine and hyelroqm f m  feces undw 
anaerobic condltlons 

Thw, the system was optlmired for conversion of urine a d  feces to 

Bacteria and enzymes were selactd for rtudy whlch would 

- tlactllur partourfl wcu tho mort attmctlve arnnonlo-producing mlctootpanhm 
oxamlnd bocaum of Itr rolatlvoly mptd anaoroblc g m t h  In urtno ac+ony#ntd by 
ufffclant urea hydrolyrlr. In contlnuaur cdturo, appmxlmcltoly 0.5 mg ammonlo 
WO) prducd  por mi of culturo per hour durlng rtsady Itat0 condlttonorj 84% of tho 

uraa in urlno was uttiired, 

(n urlno contatnlng Iyophtllrd focm ( I  and 5%), unolyltr of - 8. pmtwrll 
WQI net onhandj  wlth 10% frcm In urlno, Inhibltlon waa obrowd. rtcadom, 
yrlw woa repamtod from focrr for UIO QI a blooIrctmchmlcol fwl, 

Thtr la oftrlbutd to potaontng of tho plattnlrd platlnum ando by ammsnto, 

wtth a m l d  rowago cuJturo or Q purr culturo of hoherlchlo colt, - Tho atmymu, 

~ o / l ~ ( a r o  and i t p o ,  appoar to bo tho bwt candldatm fot dogmdlng 00mpl.n k l  
compotlrntr to rlmllar compouda In ordot to facilttats rubsqurnt rnicroblal actlvlty. 

Pew olootrochomlcal porfommco WQI obrorvad wlth b, pcrrhuttf tn wtrn, 

Unaftord f o c a  tr not a rultablr tuhtmto for tho produetlon of hyd- 

0 
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6. RECOMMENDATIONS I 

The problem of disposal of wastes during extended manned space missions requires 

much more attention to arrive at an optimum solution. 

further close the cycle and provide 

recovering as much useful material as possible with the least penalty from wastes must 

be pursued. 

digestion methods have been considered. 

because the products could be used to provide some electrical energy in a fuel cell. 

appears, however, that the amount of energy available from this source is  too smali, and 

the other gaseous by-products too difficult to handle to make anaerobic digestion attractive. 

In the interest of trying to 

greater self-sufficiency, methods and means of 

Microbial waste ptocessing i s  one such approach. Anaerobic and aerobic 

The anaerobic process i s  of interest primarily 

i t  

Aerobic digestion ("stabilization") i s  more rapid and efficient than anaerobic 

digestion, and produces a minimum of undesirable volatile by-products. 

i s  presently being studied for use in spacecraft. 

for use i n  space missions has raised the following points: 

This process 

An analysis of aerobic bacterial digestion 

1 .  Assuming that the microbes are to be suspended in the medium and wastes are to 

be treated continuously, the subsystem must operate as a "chemostat," i.e., in 

such a way that the activity and population of microbes at any point in the 

system remains constant w i th  time. 

that this i s  very difficult to do, 

in spots. 

but would lead to other problems. 

Our experience with chemostat work indicates 

Activity tends to becoriic too low or too high 

Batch processing might avoid the need for this degree of control, 

2. If the microbes are in suspension, a large quantity of both l ive and dead 

bqcteria wi l l  come along with the output of the process, and must be removed 

from the liquid and disposed, 

than that associated w i th  the original waste materials. 

This disposal problem may not be any simpler 
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3. Oxygen must be supplied in excess to the microbial suspension. 

af wygen in water i s  miher low a d  ihus, uniess high pressures are used, excess 

oxygen i s  provided by means of a profusion of bubbles of undissolved gas through- 

out the medium. 

the liquid w e ,  would be most difficult to separate, and hence would tend to 

Interfere seriously w i th  further handling of the digested material. 

The solubility 

In a zero-gravity field, this gas phase, once dispersed in 

In vtcw of these considerations, we suggest insteod that the process be carried 

aut by contacting the waste stream with a fixed bed of appropriate microbes, and that the 

required oxygen be supplied electrolytically from the surface of the supporting structure. 

This bioelectrochemical approach should have the following advantages: 

1 .  The activity of fhe microbes would be much easier to maintain constant, as 

growth on a solid surface tends to be self-regulating. 

2. The amount of microbial matter passing out of the system with the liquid stream 

may be kept very small, due to the fact that a surface-growth tends to retain 

and utilize dead cells. 

man tI oned above, 

This action i s  partially responsible for the self-regulation 

3 .  No undissolved gar bubbles need appear in the bulk of the liquid phase. 

generated electrochemically under the microbial layer would be consumed before 

an excess i s  produced. 

to gonerate oxygen. 

Oxygen 

This would result in Q net saving on p e r  required 

To ovoid explosive mixtures of hydrogen and oxygen, a cathode on which one 

or more species of hydrogen-consuming bacteria are metobol izing can be used. 

bactoria consume hydrogen, along with carbon dioxide and oxygen, to derive energy and 

build cell material. 

strwm, on adequate supply of COP and O2 will be provided. 

These 

By exposing the bacterial layer to the aerobic digestion process 

No trouble i s  anticipated i n  selecting rnicroorgonisms capable of decomposing 

wastes and at tho same time of adhering naturally to a solid surface. Many such species 
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are slime-formers and/or filamentous types which prefer to grow other than in suspen- 

sion. 

An extension and refinement of the fixed bed approach to microbioiogical 

waste handling is that of an immobilized enzyme preparation. In such a device the 

enzyme activity i s  tied dawn to a fixed matrix and the liquid stream flows past and 

is acted on in the process. 

the system. 

The enzyme i s  thereby retained in a known location in 

Enzymes have some inherent advantages over whole cells for biochemical 

processing. 

to depend on the overal l  metabolic process of a living organism. 

rates achievable with enzymes are much higher than those observed with whole cells, 

provided conditions are optimized for each activity. 

They can be selected to accomplish specific reactions, rather than having 

Also, the reaction 

It i s  becoming clear that nitrogen (as N ) may be an indispensible component 2 
of space cabin atmospheres for extended missions. 

w i l l  occur, nitrogen w i l l  gradually become depleted unless specific measures are 

taken to replace losses. Obviously, tanks of compressed nitrogen can be carried 

with their attendant weight penalty. Instead, however, we suggest that a bioelectro- 

chemical waste digestion process might be so operated that an amount of N2 sufficient 

for make-up i s  continuously generated, and at the same time ammonia i s  removed 

from the system. 

As some leakage and adsorption 

Wherever mi:roorganisms are used purposefully they must be monitored and 

controlled to insure stable, reliable performance. 

from the semr that i s  rapid relative to the maximum rate of change of microbial activity 

expected from the system it needed. 

chomcteristics and also suitable for use in space vehicles can be developed using a 

device under study at Magna. 

electrical output proportional to redox enzyme activity i n  the vicinity of the sensing 

electrodes. 

l i v i t q  cells of microorganisms. As few as IO bacteria per mi have been counted in 5 

minutes wing this technique. Greater populations can be counted in  correspondingly 

For this purpose, a rate of response 

A device having the necessary response 

This is  an electrochemical device that generates an 

The enzymes detected can be as part of either cell-free extracts or whole, 
4 



6 9 less time (the population in truly active cultures often ranges from IO to IO per mi). 

Most work on this device to date has been applied to use as a detector for 

BW agents, where very low popuiotions were of interest. 

can be adapted even more readily to measurement of higher populations expected to 

be encountered in microbial waste processing systems in space. 

We believe that the mehod 

110 



7 .  REFERENCES 1 

1. 

2. 

3, 

4. 

Zubrzycki, L. and E. H. Spaulding, 1. Bacteriol., 83, 968 (1962) 

Smith, H. W. and W. E. Crabb, J. Pathol. Bocteriol., 82, 53 (1961) 

Buthaux, R. and 0. A. A. h e l ,  J. Appl. Bacteriol., 24, 353 (1961) 

Collee, L. G., J. A. Knowlden, and 8. C. Hobbr, J. Appl. Bacteriol 
326 (1961) 

L 

- 
- 

Brisou, B., Bul l .  SOC. Pathol. hot . ,  54, 746 (1961) - 5.  

6. Rosebury, T. Microorganisms indigenous to Man, McGrow-Hill Book Company, I 
Inc. , New York (1962) I 

7. 

8. 

Goldblith, S .  A. and E.  L. Wick, Contract AF 33(616)-6136, ASO-TR-61-419 (1961) 

Albritton, E. C., Standard Values in Nutrition and Metabolism, WADC Technical 
Report 52-301 , Wright Air Development Center, Wright- Patterson Air Force 
Base, December 1953 

I 

9. Fantus, B., 0. Wozasek, and S. Steigmann, Am. J. Digest. Dis., - 8, 296 (1941) ~ 

10. Cantarow, A., and B. Schepartz, Biochemistry, W. B. Saunden Co., 
Philadelphia, Penn. (1954) 

12. Hawk, P. 5., 5. L. Oser and W. ti. Summersen, Practical Physiological Chemistry, 
~ I 12th Ed., 788, Lea and Febiger, Philadelphia, Penn. (1956) 
I 

13. Ingrom, W. T. , TDR #AMRL-TDR-62-126, Contract AF 33(616)-7827, (1962) 

Butterfield, C . ,  Publ. Health Repts., 50, 571 (1935) 
_L 

14. 

Buck, 1. C. and C. E. Keefer, Sew. and Ind. Wastes, 31, 1267 (1959) - 15. 

McKinney, R. E. and R. G. Weichlein, Appl. Microbiol. 1, 259 (1953) - 16. 

1 1 1  I 



Kaplovsky, A, J * ,  Appl. Microbiol., 5, 175 (1957) 

Ruckhoft, C. C., 1. G. Kallas and G. P. Edwards, J. Bacferiol 19, 269 (1930) 

- 17. 

18. '- 

19. Buck, T .  C., C.  E. Keefer and H. Hatch, Sew. and Ind. Wastes, - 26, 164 (1954) 

20. Bergey's Manual of Determinative Bacteriology, Seventh Edition, The Williams 
a d  Wi-lliams Co., Baltimore, Md. (1957) , 

I 21. 

22. 

23. 

24. 

I 25. 

26 .. 

27. 

28. 

29. 

30. 

, 

I 31. 

32, 

33. 

34. 
I 

l eune ,  0 .  E., Contract NASw-95, U413-63-04, General Dynamics, Electric 
Boa, Division, Groton, Conn. (1963) 

Kountz, R .  R ,  and C, Forney, J r . ,  Sew. and ind. Waste, 31, 819 (1959) - 
Garrett, M. T .  Jr., S ~ N .  cnd Ind. Waste, 30, 253 (1998) - 
Gofueke, C. G. ,  W. J. Oswald and P. H. McGanky, Sew, and Ind, Waste, I 31, 
1125 (1959) 

Unger, M., NASA l e w i s ,  Personal Communication (1964) 

Moyer, J. E., TDR No. AMRL-TDR-62-116, Aerospace Medical Division, Air 
Force Systems Command, Wright-Pattenon Air Force Base, Ohio, p. 281, (1962) 

Pote, H.  L., TDR No. AMRL-TDR-62-116, Aerospace Medical Division, Air 
Force Systems Command, Wright-Patterson Air Force Base, Ohio, p. 290 (1962) 

Wheaton, R .  B., J .  J. Syrnons, N. G. Roth and H. H.. Morris, - TDR. No, AMRL- 
TDR-62-1i6, Aerospace Medical Division, Air Force Systems Ccrnrnand, Wright- 
Patterson Air Force Base, Ohio, p. 295 (1962) 

Me1 par Corp., Contract DA 36-039 SC-90878, Second Quarterly Progress 
Report, I Oct. - 31 Dec. 1962 

Melpar Corp., Contract DA 36-039 SC-90878, Fifth Quarterly Progress Report, 
I July - 30 Sept. 1963 

Gest, H., Bacteriol. Revs,, 18, 43 (1954) 

Stickland, L ,  H., Bioch. J,, - 28, 1746 (1934) 

Niornan, R., M. Raynard, and G. N. Cohen, Arch. Biochem., - 16, 473 (f948) 

Khouvine, Y,, Ann. de I '  Inst. Past 37, 711 (1923) - ,- 

112 
I 



35. 

36. 

37 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

52. 

53. 

54. 

55. 

Cowles, P. B. and L. F. Rettger, J. Bacteriol., - 21, 167 (1931) 

Nagliski, J., J. W. White, Jr., S. R. Hoover and J. J. Willamin, J. Bclcteriol., 
- 49, 563 (1945) 

Hungate, R. E., Bact. Revs., - 14, I(1950) 

Fuller, W. H. and A. G. Noman, 1. Bacteriol., 46, 273 (1943) - 
fuller, W. H. and A. G. Norman, 1. Bacteriol 46, 281 (1943) 

.I- 

Fuller, W. H. and A. G. Norman, J. Bacteriol., 46, 291 (1943) - 
Alexander, M., Sn+roddc+;on to Soi! M:crob;ology, John Wiley and Sons, Inc., 
N. Y. (1961) 

Wiley, W. H. and J. R. Stokes, J. Bacterio! 84, 730 (1962) 
I- 

Gibbons, R. J. and R. N. Doetsch, J. Bacteriol., _. 77, 417 (1959) 

Cooke, J. V. and H. R. Keith, J. Bocteriol * I- 13, 315 (1927) 

Hot0 and Szilagyi, Ind. ogr. et. aliment. (Paris) - 74, 131 (1957) 

Greenfield and Lane, 1. Bioi. Chem., - 204, 669 (1953) 

Hungate, R. E., Bioi. Bull *I- 83, 303 (1942) 

Misra and Ranganathan, Proc. %id. Acad. S c i . ,  398, 100 (1954) - 
Enebo et 0 1 .  I J ,  of ?he Inst, of Brew. I - 59, 207 (1953) -- 
Duncan, Manners and ROSS, Biochem. J. I - 63, 44 (1956) 

Whitaker, Arch. Biochem. Biophys., - 43, 253 (1953) 

Stone, Biochem. J 66, 1 ji957j '- 
Festenstein, Biochem. J. 69, 562 (1958) - 
Okarnoto and Asai, J. Agric. Cbem. SOL. (Japan), - 26 (1952) 

Nisizawa, J. Biochem. (Japan) - 42, 825 (!955) 



56. 

57. 

58. 

59. 

60. 

61. 

62. 

63. 

64. 

65. 

66. 

67. 

68. 

69. 

70. 

71. 

72. 

73. 

74. 

75. 

76. 

77. 

Seillere, C. R., SOC. Bio. (Paris), 61, 205 (i906) - 

Seillere, C. R., SOC. Bio. (Paris), 63, 151 (1907) - 
Seillere, C. R.,Soc. 810. (Paris), 68, 107 (1910) - 
Karrer and Illing, Kolloidzschr., 36, 91 (1925) - 
Husemann and Lotterle, Makromol. Chem., 4, 278 (1950) - 
Gascoigne, J. A. and M. M. Casoigne, Biological Degradation of Cellulose, 
Butteworths, London, England (1960) 

Saunden, Sire and Genest, J. Biol . Chem., - 174, 697 (1948) 

Siton, Schubert and Nord, Arch. Biochern. Biophys., 75, 260 (1958) - 
Koviman, Enzymologia, - 18, 22 (1957) 

- -  Studies in Cellulose Decomposition, Enebo, Stockholm (1954) 

Toyama, J. Ferment. Technol. (Japan), 34, 281 (1956) 

Stone, Ph. D. Thesis, University of London (1954) 

- 

Jermyn, Awt. J. Sci. Res., - 85, 409 (1952) 

Basu and Whitaker, Arch. Biochem. Biophys., 42, 12 (1953) - 
Reese, Giliigan and Norkraus, Physiol. Plant, 5, 379 (1952) 

Whitaker, Science, 116, - 90 (1952) 

Lineweaver, H., and G. A. Ballow, Arch. Biochem., 6, 373 (1945) - 
Pithawala, R. R., C. R. Savur and A. Screenivason, Arch. Biochem., - 17, 
235 (1948) 

Owens, H. S., R. M. McCready and W. D. Maclay, Ind. Eng. Chem 
936 (1944) 

36, 

Holden, M., Biochem. J., 40, 103 (1946) - 
McColloch, R. J. and 2. 1 .  Kertesz, Arch. Biochem 13, 217 (1947) - I- 
Deuel H. and €. Stutz, Advances in Enzymology, Vol. 20, lnterscience 
Publishers, Inc., N. Y., edited by F. F. N o d  (1958) 

114 



78, 

79. 

80. 

81 

82. 

83. 

84. 

85. 

86. 

87. 

88. 

89. 

90 

91. 

92. 

93. 

94. 

95. 

96. 

Schultz, T. H. 
- 49, 554 (1945) 

H. Lotzkar, H. S.  Owens and W. D Maclay, J. Phys. Chem., 

MacDonnell, L. R., E. F. Jansen and H. Lineweaver, Arch. Biochem * 
389 (1945) 

6, 

Lineweaver, H. and E. F. Jansen, in Advances in Enzymology, Vol 1 1 ,  
lnterscience Publishen, Inc., N. Y., edited by F. F. Nod (1951) 

McColloch, R. J., J. C. Moyer and 2.  1. Kertest, Arch. Biochem., - IO, 
479 (1946) 

Mills, C. B., Biochem. J., - 44, 302 (1949) 

Schubert, E,, 6iochem. J., - 78, 323 (1952) 

UZQWQ, J. ,  Ber.  @am Inst. ! ~ d W i r t s & .  Fonch. Kuroskiki Japan, 9, 431, 
(1951) 

Lineweaver, H., R. Jang and E. F. Jansen, Arch. Biochem., - 20, 131 (1949) 

Pallmann, H. and H. Deuel, H. Chimia, - I, 27 (1947) 

Jansen, E. F., L. R. MacDonnelI and R. Jang, Arch. Biochem., - 8, 113 (1945) 

Schubert, E., Metlliand Textilber, - 8, I (1954) 

Koch, J., Fruchtsaft-lnd., - I ,  66 (1956) 

Jansen, E. F., R. Jang, L. R. MacDonnell, Arch. Biochem I- 15, 415 (1947) 

Deuel, H., and F. Weber, Helv. Chim. Acta, - 29, 1872 (1946) 

Wills, E. D., Biochem. J., - 69, 17 (1958) 

Nbrchis-Monrew, G., 1. Sarda and P. Desnuelle, Biochem. et. Biophys. Acta, 
41, 358 (1960) 

Biochemical Problems of Lipids, edited by B. Borgstromm, G. Popiak and E. 
LeBreton, Butterworths, London, England (1956) 

Schonheyder, F. and K. Volqvartz, Enzymologia, - I f ,  178 (1944) 

Fiore, J. V. and F. F. Nod, Arch. Biochem., - 26, 382 (1950) 

115 



97 

98. 

99. 

100. 

Gorbach, G. and H. Guntner, Sitzber. Akad. Wiss. Wein. Mathnaturw, 
1 1 1  A c iin?c)\ K f ,  Ab;. flb, 1-1 , .+IJ \17'3L/ -- 

Coonstein, W., E. Hoyer and H. von Wartenberg, -- Ber.  35, 3988 (1902) 

Bayliss, M., D. Glick and R. A. Siem, J. Bacteriol., - 55, 307(1948) 

Starr, M. P. and W. H. Burkholder, Phytopathology J -  32, 598 (1942) 

101. The Enzymes of Lipid Metabolism, edited by P. Desnuelle, Pergamon Press, 
London, England (1961) I 

102. 

103. 

104. 

105. 

106. 

107, 

108. 

109. 

110, 

111 .  

112. 

113. 

114, 

115. 

116. 

Wills, E. D., Biochem. Biophys. Acta, - 40, 487 (1950) 

Weinsteine, S. S. and A. M. Wynne, J. Biol. Chem. , 112, - 641, 649 (1935-36) 

Constantin, M. J., L. Paseroand P. Desnuelle, Biochem. et. Biophys. Acta, - 43, 103 (1960) 

Savory, P. and P .  Desnuelle, Biochem. et Biophys. Acta, - 21, 349 (1956) 

Schonheyder, F. and K. Volquartz, Acta Physiol. Scand., - IO, 62 (1945); - I I ,  349 (1946) 

Methods in Enzymology, Vol I ,  edited by S.  Colowick and N. Kaplan, Academic 
Press Inc., N. Y. (1955) 

Wills, E. D., Biochern. J., 57, - 109 (1954) 

Kimmel, J. R. and E. L.  Smith, J. Bioi, Chem., - 207, 515 (1954) 

b a n g ,  K. and A. C. Evy, Ann. New Yo& Acad. Sci,, - 54, 161 (1951) 

Lineweaver, H. and S. Schwirnmer, Enzymologia, IO, - 81 (1941) 

Hill, R, L., H. C. Schwartz and E. L. Smith, J. Biol. Chem 1- 234, 573 (1959) 

Ball, A. K. and H. Lineweaver, J. Biol. Chem. , - 130, 669 (1939) 

Kimmel, J. R. and E. L. Smith, J. Biol, Chem., - 207, 515 (1954) 

Calvery, H. O., J. Biol. Chem., - 102, 73 (1933) 

Methods in Enzymology, Vol. 2, edited by Sidney P .  Colowick and Nathan 
0. Kaplan, Academic Press, Inc., N. Y. (1955) 

, 
116 



117. 

118. 

119. 

120. 

121 * 

122, 

123. 

124, 

125. 

126. 

127. 

128. 

129. 

130. 

131. 

132. 

133. 

134. 

135. 

136. 

Irving, GI W. Jr., J. S. Fruton and M. Bergmann, J. Biol. Chem., 138, 
231 (1941) 

-- 
Anton, M. L., J. Gen. Phys;ol., - 22, 79 (1938) 

Kunitzy, M., J, Gen. Physiol 30, 311 (1947) 

Lonon, A, D. and R. E. Kaflio, J. Bactariol., - 68, 67(1954) 

Dounce, A. L., J. Blot. Chem., 140, 307 (1941) - 
Sumner, J, B. and L. 0. Poland, Proc. SOC. Exptl. Biol. Med -1- 30, 553, (1933) 

Hellerman, L., F. 8. Chinard and U. R. Dietz, J. Biol. Chem., - 147, 443 
( i 943) 

Fosman, G, 8, and C. N i e m ~ n n ,  1. Am. Chern. Soc,, - 73, 1646 (1951) 

Wall, M. C. and K. J. Laidler, ABB, 43, 299 (1953) - -  
WaIJ, M. C. and K. J. Laidlet, ABB, 43, 307 (1953) -- 
Laldler, K. J. and J. P. Hoorle, J. Am. Chem. SO~.,  - 72, 2489 (1950) 

Kistiakowsky, C. €3. and R. Lumry, J. Am. Chem. SOC., - 71, 2006 (1949) 

The Enzymes, 1st Ed., Vol. I ,  edited by J. B. Sumner and K. Myrbtlck, 
Academic Press, Inc., New York (1951) 

Shuw, W. H. R. and C. B, Kistiakowsky, J. Am. Chem. SOC,, - 72, 2817(1950) 

Gorin, -- et al., Biochemfstry, - I ,  911 (1962) 

Gentzkw, C. J., J. Biol. Chem., - 143, 531 (1942) 

Onnsby, A. A., J. Biol. Chem., - 146, 595 (1942) 

Bornride, G. A. and R. E. Kallio, J. Ehcteriol., - 71, 627 (1955) 

Herbert, D . , Symposia Intern. Congr. Microbiol . , 7th Congr. , Stockholm 
(I 950) 

Bryson, V., Science, - 116, 48 (1952) 

117 



Novlck, A ,  ; Science, !!2, 7!5 (!?SO) - 137. 

138. Monod, J. ,  Ann. Inst. Pasteur, 79, - 390 (1950) 

139. lyerusalimski, N. D., lzvestia Akademii Naub. SSSR Seriya, Biologicteskoya, 
Nr .  3, 418 (1962) 

140. Sumner, J. B., J. Biof. Chem., - 193, 265 (1951) 

141. Finkelstein, B. , Whirlpool Corp. , St. Joseph, Mich ., Personal Communication 
(1 963) 

142. Standard Methods for the Examination of Water and Wastewoter, Eleventh 
klition, American Public Health Association, N. Y . ,  (1962) 

143. Lawry, 0. H., N. J. Rosenbrough, A .  C. Farr and R.  J. Randall, 
.I. Bioi. Chem. , - 193, 265 (195ij 

I 

118 



8. IDENTIFICATION OF KEY PERSONNEL 

Key technical pemonncl assigned to this contract are as foliws: 

kn-hours 

J. H. Canfield, Head, Life Sciences (Project Leader) 397 

213 

849 

732 
290 

J. J. Cavailo, Research Biochemist 

8. H. Goldner, Senior Research Microbiologist 

M. D techtman, Research Microbiologist 

R. Lutwack, Senior Reseurch Chemist 
C. Atbright, Research Chemist 1,056 
J. Dittman, Research Microbiologist 533 

Technicians 577 

119 


